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PREFACE 


The  concept  for  a  series  of  highly  focused  workshops  dealing  with  key  issues  associated 
with  the  science  and  technology  of  advanced  power  systems  had  its  origin  in  many  conversations 
with  outstanding  technologists  all  over  the  world.  It  became  apparent  that  the  difference  between 
the  state-of-the-art  and  what  these  technologists  saw  for  future  needs  was  so  large  ttet  new 
approaches  to  meet  these  needs  was  mandatory.  There  are  a  host  of  key  issues  wWch  fall  into  this 
category  such  as  prime  power,  thermal  management,  advanced  energy  conversion,  life  support, 
automated  systems  and  advanced  diagnostic  techniques  just  to  name  a  few.  Due  to  the 
interdisciplinary  nature  of  power  systems,  any  new  and  successful  approach  will  likely  come  from 
a  group  with  diverse  backgrounds  rather  than  those  schooled  in  the  classic  approaches. 

Power  systems  offer  unique  challenges  to  engineers  and  application  specialists.  WMe  a 
capability  or  mission  may  be  feasible,  more  often  than  not,  the  power  technology  available 
determines  the  total  mission  profile.  As  the  mission  profile  expands,  the  demands  on  the  power 
technology  associated  with  the  mission  quickly  extend  beyond  the  state-of-the-art.  For  many 
advanced  concepts,  power  technology  is  totally  enabling.  It  is  not  just  the  "long  pole  in  the  tent",  it 
is  the  "tent".  For  example,  a  soldier’s  rucksack  weight  for  an  average  mission  weighs 
approximately  115-140  lbs.  This  weight  is  approximately  50%  batteries  and  charging  devices, 
which  can  inhibit  the  soldier’s  mobility.  Therefore,  improvements  are  needed  to  provide  the 
frontline  soldier  with  lighter-weight  power  and  recharging  capability  since  he  has  no  source  of  AC 
power  near  the  frontline  for  recharging  operations.  Often  promising  concepts  are  abandoned  due 
to  the  lack  of  a  foreseeable  power  technology  which  could  remove  it  from  being  a  laboratory 
curiosity.  It  is  insufficient  to  think  totally  in  terms  of  system  energy  density  or  power  density. 
Due  to  environmental  and  safety  concerns,  the  power  technologist  may  be  forced  to  employ  non¬ 
optimum  power  systems  which  drastically  limit  the  ^rformance  envelope.  Further,  Ae  use  of 
exotic  materials,  exotic  fuels,  and  complexity,  reliability  etc.  further  impede  the  transition  from 
laboratory  curiosity  to  field  workhorse.  Recalling  that  "energy  and  mass  are  neither  created  nor 
destroyed  but  simply  changed  from  one  form  to  another",  energy  earned  within  the  system,  stored 
in  the  chemical  bond  or  in  the  nucleus,  must  eventually  be  used  as  intended  or  ejected  from  the 
system  in  the  form  of  "low  grade  heat".  Three  options  exist  for  managing  waste  energy.  Haying 
changed  its  thermodynamic  state  when  useftjl  work  was  done  with  it,  the  excess  energy  can  either 
be  radiated  away  to  space,  stored,  or  convected/conducted  into  a  flowing  coolant  stream.  Each  of 
these  techniques  has  its  advantages  and  disadvantages,  almost  always  adding  to  the  system  mass. 
Clearly,  there  is  a  set  of  tradeoff  parameters  which  must  be  manipulated  to  provide  an  optimum 
system  for  a  given  mission  and  it  goes  without  saying  that  it  is  impossible  to  achieve  the  optimum 
in  all  parameters  simultaneously. 

At  the  request  of  The  Army  Research  Office,  a  workshop  dealing  with  Human  Powered 
Systems  technology  was  organized  and  held  at  the  Washington  Duke  frm  &  Golf  Club.  This 
workshop.  Prospector  IX,  is  the  ninth  in  the  series.  All  have  dealt  with  power  technolo^  ^d  are 
interrelated  to  this  workshop.  The  following  is  a  list  of  the  Prospector  Workshops  and  individual 
focus: 

•  Prospector  I,  Thermal  Management  of  Space  Based  Assets, 

•  Prospector  n.  Radioisotope  Power  Systems, 

•  Prospector  IQ,  High  Energy  Density,  High  Power  Density  Power  Sources  R&D, 

•  Prospector  IV,  Small  Engines  and  Their  Applicability  to  the  Soldier  Systems, 

•  Prospector  V,  Microelectromechanical  Systems,  Their  Applicability  to  the  Soldier  System, 


•  Prospector  VI,  Electric  Actuation, 

•  Prospector  VII,  Small  Fuel  Cells  for  Portable  Power, 

•  Prospector  Vin,  Thermophotovoltaics,  An  Update  on  DoD,  Academic,  and  Commercial 
Research,  and 

•  Prospector  IX,  Human  Powered  Systems  Technologies. 


In  addition  to  the  above  Prospector  series  of  workshops.  The  Army  Research  Office 
sponsored  a  workshop  entitled  “Mobile  Battlefield  Power  Workshop,”  which  was  conducted  in  the 
same  format  as  the  Prospector  series.  All  of  these  workshops  produced  technical  documents 
which  clearly  identify  key  issues  which  must  be  addressed  to  advance  the  art  and  all  have  potential 
Army  applications. 

The  focus  of  Prospector  IX  is  to  assess  whether  or  not  Human  Powered  Systems  are 
capable  of  meeting  some  of  the  electrical  energy  needs  of  the  Dismounted  Soldier  in  the  field.  The 
requirements  placed  on  power  technology  by  the  “Soldier  System”  concept  are  as  demanding  as 
that  of  any  spacecraft  and  shares  many  common  requirements  such  as  extreme  reliability,  safety, 
minimum  weight  and  volume  and,  of  course,  the  ever  increasing  demands  placed  due  to 
environmental  concerns. 

There  is  always  something  in  a  name.  Just  as  the  prospectors  of  old  sometimes  worked  the 
tailings  of  old  diggings  searching  for  a  missed  nugget,  we  too  reviewed  the  current  techniques 
"looking  for  nuggets",  before  embarking  on  a  search  of  new  ground.  For  this  we  assembled  a 
wide  range  of  technologists-engineers,  physicists,  physiologists,  manufacturing  specialists,  and 
managers  representing  die  government  laboratories,  industry  and  the  university  community.  The 
groups  were  charged  with  evaluating  Human  Powered  Systems  technologies  which  might  be 
relevant  to  the  Dismounted  Soldier . 

In  keeping  with  the  tradition  of  the  previous  Prospectors,  the  workshop  was  patterned 
after  the  highly  successful  Gordon  Conferences  which  have  formal  morning  and  evening  sessions, 
leaving  the  afternoon  free  for  recreation,  small  group  discussions  or  laboratory  tours  at  the 
participants'  discretion. 

The  workshop  was  directed  by  a  group  of  senior  scientists  from  the  Army  Research  Office, 
DARPA,  CECOM,  and  The  Space  Power  Institute  at  Auburn  University.  The  broad  technical  base 
represented  by  the  Board  of  Directors  resulted  in  a  unique  agenda  which  covered  many  of  the 
technologies  relevant  to  Human  Powered  Systems.  The  Board  members  are  Dr.  Donna 
Cookmeyer,  and  Dr.  Richard  Paur  from  the  Army  Research  Office,  Ms.  Mary  Hendrickson,  from 
CECOM,  Dr.  Robert  Nowak  from  DARPA,  and  Dr.  Henry  Brandhorst  and  Dr.  Frank  Rose  from 
the  Auburn  University  Space  Power  Institute. 

The  workshop  organizers  would  like  to  express  thanks  to  the  administrative  staff  of  the 
Washington  Duke  Inn  &  Golf  Club,  Durham,  NC,  and  to  the  Administrative  Staff  of  the  Space 
Power  Institute  for  organizing  and  managing  the  workshop.  Special  thanks  are  due  to  Ms.  Gail 
Edwards  and  Ms.  Mic^e  Jacob  whose  efforts  contributed  greatly  to  the  success  of  the  workshop 
and  to  this  archival  record. 

The  pages  that  follow  contain  a  detailed  record  of  the  workshop  procedures,  an  Executive 
Summary,  ffie  results  and  recommendations  of  the  working  groups,  copies  of  the  individual 
technical  presentations  and  a  list  of  the  attendees.  The  attendees  were  key  technologists  from 
government,  industry  and  academia.  We  appreciate  their  willingness  to  give  their  time  and 
technical  skills  for  this  meeting  and  sincerely  hope  that  this  document  represents  an  accurate 


distillation  of  the  workshop  deliberations.  It  is,  after  all,  their  collective  opinion  which  is  archived 
here  and  whatever  impact  this  document  has  in  the  future  is  due  to  their  deliberations. 

We  hope  to  see  many  of  you  at  Prospector  X. 


M.  Frank  Rose,  Director 
For  the  Board  of  Directors 
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EXECUTIVE  SUMMARY 


With  the  evolutionary  advances  in  commercial  communication  electronics,  power 
consumption  of  these  devices  has  been  reduced  to  around  the  1  to  5-Watt  level  using  power 
management  techniques  and  low  power  electronics.  At  this  power  level,  the  feasibility  of 
harvesting  energy  from  the  human  body  to  power  man-worn  electronics  is  conceptually  possible. 
It  appears  possible  through  the  use  of  sophisticated  energy  management  and  through  low  power 
electronics  to  reduce  the  demand  for  energy  by  the  Dismounted  Soldier  to  a  level  where  it  is 
instructive  to  examine  the  potential  for  the  Soldier  to  produce  enough  electrical  power  to  provide  a 
substantial  amoimt  of  the  electrical  energy  needed  for  a  mission.  In  order  to  do  this,  it  will  be 
necessary  to  convert  to  electricity  some  of  the  energy  expended  by  the  Soldier  during  everyday 
actions. 

The  human  body  stores  an  enormous  amount  of  energy.  The  energy  available  from  a  donut 
is  equivalent  to  347  Whr.  The  average  persons  body  is  approximately  15%  fat  and  represents  a 
stored  energy  greater  than  11,000  Whr.  The  average  person  consumes  between  2000  Kcal  and 
3000  Kcal  per  day,  which  is,  in  more  familiar  units,  approximately  2200  Whr  and  3300 
Whr.  Since  it  can  take  30  minutes  to  consume  the  food  with  the  above  energy  content,  the 
“charge  rate”  is  about  7  kW  for  the  higher  caloric  intake.  Qearly  the  amount  of  energy  consumed 
by  an  individual  is  sufficient  to  provide  energy  for  electronic  devices  if  a  suitable  method  can  be 
found  to  convert  a  small  fraction  of  that  energy  to  electricity. 

The  idea  of  taking  some  of  the  energy  normally  associated  with  the  activities  of  the  human 
body  and  converting  it  to  electricity  to  power  external  devices  is  novel,  but  not  new,  and  h^ 
enormous  potential  if  it  can  be  done  with  modest  efficiency  and  in  an  unobtrusive  marmer.  This 
technology  is  unique  and  has  significant  promise  for  the  development  of  portable  power  sources 
for  the  Dismounted  Soldier.  Consequently,  a  workshop  on  Human  Powered  Systems  was  held  at 
the  Washington  Duke  Inn  &  Golf  Club,  on  November  2-5,  1997,  sponsored  by  the  Army 
Research  Office. 

To  accomplish  the  objectives  of  the  workshop,  a  group  of  scientists,  active  in  technologies 
relevant  to  the  field,  from  government  laboratories,  industry  and  academia  were  invited  to  lecture 
on  a  wide  range  of  topics.  The  technical  program  consisted  of  plenary  and  state-of-the-art  sessions 
covering  as  wide  a  range  of  relevant  topics  as  the  allotted  time  permitted. 

With  respect  to  the  military,  this  field  is  new  and  innovative  but  there  have  been 
applications  of  human  power  to  electrical/mechanical  systems  for  decades.  Indeed,  the  hand- 
cranked  portable  generator  currently  employed  by  special  forces  falls  into  this  category.  It  is 
possible  to  generate  up  to  100  watts  in  this  fashion.  Devices  of  this  type  are  not  passive  and  then- 
use  effectively  immobilizes  the  individual  while  power  is  being  generated.  The  noise  generated 
when  operating  this  device,  often  make  the  use  of  this  mechanism  unfeasible  due  to  requirements 
of  covert  activities.  The  weight  and  size  of  these  hand-cranks  makes  portability  less  attractive  in 
frontline  mission  scenarios.  A  second  example  is  the  small  “flashlight”  which  is  energized  by 
squeezing  a  lever.  For  purely  mechanical  conversion,  the  Apollo  astronauts  took  with  them  to  the 
moon  a  rotary  shaver  which  employed  a  small  flywheel  energy  store  activat^  by  pulling  a  cord. 
Commercially,  there  is  a  wind-up  radio  available  from  Baygen,  and  a  night  vision/starlight  scope, 
manufactured  in  Russia  and  available  from  the  Edge  Company.  Except  for  the  items  cited  above, 
there  does  not  appear  to  be  any  concerted  research  effort  aimed  at  exploiting  in  any  way,  for 
military  purposes,  the  energy  associated  with  body  motion  and  how  to  convert  that  energy  to 
electricity. 


Recent  advances  in  the  technologies  relevant  to  harvesting  human  power,  as  presented  at 
the  workshop,  suggest  that  unobtmsive  systems  might  be  built  in  the  range  from  microwatts  to  a 
few  watts.  As  the  Army  becomes  more  mobile,  a  premium  is  to  be  paid  for  capability,  reliability, 
autonomy  and  minimal  mass  systems.  The  frontline  soldier,  more  often  than  not,  does  not  have 
access  to  energy  for  recharging  his  power  sources  and  therefore,  must  cany  all  his  required  power 
sources  to  complete  his  mission.  The  ability  to  harvest  human  energy,  if  favorable  in  terms  of 
reliability,  size,  weight,  and  energy  efficiency  might  translate  immediately  into  increased  autonomy 
time,  increased  capability,  reduce  or  eliminate  certain  logistics  items,  and,  perhaps,  reduced  cost. 
Fieldable  technology  rarely  equals  laboratory  prototype  or  theoretical  capability.  Obstacles 
sometoes  are  fundamental  and  perhaps  can  be  finessed  through  appropriate  R&D,  innovative 
techmques,  and  skillful  engineering.  This  workshop  attempted  to  explore  some  of  the 
possibilities.  As  confirmed  by  the  plenary  speakers  and  the  worlting  groups,  there  are  a  number 
of  potential  applications  where  harvesting  of  human  energy  could  be  applied.  Typical  are: 

•  Personal  battery  chargers 

•  Medical  sensors 

•  Display  power  sources 

•  Gun  sight  power 

•  Rangefinder 

This  subject  is  certainly  multi-disciplinary.  For  example,  appropriate  electrical  converters 
must  be  combined  with  mechanical  converters,  which  in  turn  must  couple  to  the  human  body. 
Further,  the  need  for  non-interfering  operation  is  paramount  for  acceptance.  The  ultimate  utility  of 
harvested  ener^  may  not  reside  in  the  fundamentals  of  the  techniques  used  to  harvest  but  in  such 
issues  as:  can  it  be  manufactured  in  mass  from  affordable  materials;  can  it  be  made  robust  enough 
and  provide  the  reliability  needed  to  function  in  a  hostile  environment,  can  it  be  engineered  into  a 
package  with  minimal  signature,  can  it  be  made  non-interfering  with  the  soldiers  normal 
functioning,  and  will  it  provide  an  enhanced  capability  to  the  Soldier  in  the  field. 

As  the  workshop  progressed,  several  pacing  ideas  emerged  which  were  used  to  guide  the 
workshop  process.  These  are: 

•  There  is  a  growing  civil  market  for  human  powered  systems  with  several 
products  already  available  on  the  open  market; 

•  It  is  only  necessary  to  convert  a  small  portion  of  the  energy  consumed  as  food 
by  the  soldier  to  power  some  applications. 

•  There  does  not  appear  to  be  any  “fundamental  physical  reasons”  why 
Human  Powered  Systems  carmot  be  built  with  m^est  efficiencies; 

•  There  is  a  definite  lack  of  engineering  experience  with  Human  Powered  Systems 
of  the  type  of  interest  to  the  Military; 

•  A  concerted  program  could  produce  laboratory  devices  for  evaluation  within  3-5 
years. 

•  There  are  a  large  number  of  relevant  disciplines  such  as  MEMS,  etc.  which 
should  have  impact  as  the  field  emerges. 

•  However  the  energy  is  harvested,  it  must  not  interfere  significantly  with  the 
normal  activities  of  the  soldier  and  must  not  impede  his  mobility. 


Assessment  of  the  State-of-the-Art  of  Human  Powered  Systems  by  Characterizing 
Techniques  and  Determining  Their  Applicability  to  ARMY/D  ARP  A/Civil 

Applications 


The  amount  of  power  associated  with  physical  activity  was  estimated  by  the  Workshop 
participants.  The  table  below  lists  some  estimates  for  the  power  levels  associated  with  physical 
activity  t5^ical  of  that  for  the  Dismounted  Soldier. 

Activity  Power  in  Watts 


Sleeping  81 

Standing  at  ease  128 

Walking  163 

Brisk  Walk  407 

Long  distance  running  1048 

Sprinting  1630 


The  Workshop  considered  several  potential  sources  of  energy  associated  with  the  human  body 
which  might  be  utilized  for  conversion  to  electricity.  The  most  promising  are  shown  in  tabular 
form  below. 


Source 


Body  heat 
Breath 

Blood  pressure 
Upper  limb  motion 
Walking  (heel  strike) 

Body  waste  (urine) 


Est.  Max.  Power 
available  Watts 

Maximum  estimated 
Conversion  efficiency 

116 

~3%  assuming  total  capture 

1.0 

40%  based  on  turbine  eff. 

0.9 

about  2% 

24-60 

a  few  percent 

67 

PZT  converter  -7% 

Generator  -50% 

1-5 

Fuel  cell  -  50% 

From  the  above,  limb  motion  and  the  heel  strike  associated  with  walking  and  running  are 
attractive  potential  sources  of  energy  as  long  as  the  requirements  are  for  levels  of  a  few  watts  or 
less.  The  conversion  mechanism  will  determine  the  level  of  power  available  for  a  given  scheme. 
Since  physical  activity  is  inherently  intermittent,  it  is  necessaty  to  have  a  storage  mechanism. 
Rechargeable  batteries,  electrochemical  capacitors,  pneumatics,  springs,  and  flywh^ls  ^ 
candidates.  Rechargeable  batteries  and  electrochemical  capacitors  are  the  most  promising  with 
batteries  offering  higher  specific  energy  and  capacitors  offering  higher  specific  power.  The  energy 
density  using  spring  metals  is  on  the  order  of  0.4- 1.0  joules/gram,  making  them  an  attractive 
candidate.  Conversion  to  electricity  still  requires  a  generator  of  some  sort.  Numerous  candidate 
mechanisms  for  harvesting  heel  strike  and  limb  motion  were  discussed,  however,  the  state-of-the- 
art  is  not  advanced  enough  to  determine  their  efficiency  or  ultimate  utility.  Human  powered 
shavers,  radios,  flashlights,  watches,  and  night  vision  scopes  are  currently 
available  on  the  civil  market.  All  convert  human  motion  to  electricity  to  power 
the  respective  devices. 


Referring  to  the  table  above,  the  energy  available  from  the  human  is  in  several  forms.  The 
workshop  participants  examined  a  representative  sample  of  possible  conversion  mechanisms  in 
order  to  analyze  the  advantages,  disadvantages,  and  appropriate  uses  for  each.  The  participants 
chose  not  to  concentrate  on  conversion  mechanisms  for  dermal  energy  due  to  the  distributed  nature 
of  the  heat  source  and  its  “low  quality.”  The  technologies  examined  in  some  depth  were 
electrostrictive  polymers,  piezoelectric  devices,  electrostatic  force  arrays  (also  called  integrated 
force  arrays),  inertial  energy  scavenging  combined  with  a  generator  and  storage  element,  fuel  cells 
(based  on  use  of  urine),  and  electromagnetic  generators. 
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Converter  Mechanisms 

Electrostrictive  polymers:  These  materials  were  compared  to  piezoelectrics,  although 
they  function  by  harnessing  the  energy  created  when  mechanical  strain  is  applied  to  the  material 
after  dipole  induction  with  a  high  voltage  charge.  They  are  more  flexible  than  the  piezoelectric 
polymer  PVDF,  and  are  capable  of  producing  more  energy  (reasonable  estimates  suggest  about  1-3 
Watts).  However,  a  large  voltage  (lOOOV)  must  be  applied  to  the  polymer  to  get  electrical  energy 
out  when  mechanically  stressed.  A  battery  and  an  appropriate  high  voltage  power  supply  must 
accompany  any  system  design.  The  large  voltages  inherent  in  this  approach  to  conversion  also 
creates  the  requirement  for  power  conditioning  from  approximately  lOOOV  down  to  lOV  (output), 
possibly  creating  an  imdesirable  EM  signature  in  Ae  conversion  process.  The  energy  from 
Electrostrictive  polymers  comes  from  a  very  large  change  in  area  (approx.  200%)  and  a  large  strain 
to  the  material  (approx.  100%).  Such  deformation  may  impact  the  durability  of  the  material,  as 
well  as  affecting  the  surrounding  device.  The  use  of  this  material  for  harvesting  power  has  not  yet 
been  demonstrated,  i.e.  no  prototype  device  of  this  nature  has  been  built  or  tested. 

Piezoelectric  devices:  Piezoelectric  materials  generate  electrical  energy  from 
mechanical  strain,  like  Electrostrictive  polymers,  but  do  not  require  the  application  of  a  high 
voltage  since  they  possess  a  permanent  dipole  moment.  Piezoceramics  were  not  considered,  in 
detail,  because  of  their  fragility  and  the  need  for  a  hard  strike  to  generate  mechanical  strain.  The 
polymeric  piezoelectric  materid  PVDF  is  more  promising,  but  lacks  the  elasticity  of  electrostrictive 
polymers,  making  it  difficult  to  generate  the  amount  of  mechanical  strain  ne^ed  to  produce  a 
significant  amount  of  power.  Conservative  estimates  suggest  that  with  current  technology, 
piezoelectric  devices  would  only  be  useful  for  low  power  applications,  in  the  10-20mW  range. 
However,  the  requirement  for  power  conditioning  is  much  less  than  for  electrostrictive  polymers 
(from  lOOV  down  to  lOV)  and  there  is  no  need  for  a  battery  to  provide  a  bias  voltage.  PVDF  is 
also  a  well  characterized  material  and  prototype  devices  have  been  created. 

Electrostatic  force  arrays:  (Also  called  Integrated  Force  Arrays)  This  technology  is  in 
the  very  early  stages  of  development  and  relies  on  mechanical  strain  and  voltage  biasing  much  like 
the  electrostrictive  polymers.  It  has  the  advantage  of  being  able  to  be  sized  for  a  particular 
application,  using  hffiMs  technology  for  mW  power  demands  and  mesostructure  design  for  power 
demands  in  the  range  of  watts.  Cost  is  an  issue  and  the  manufacturing  process  is  still  under 
development.  There  are  also  issues  of  durability.  The  use  of  this  material  for  harvesting  power  has 
not  yet  been  demonstrated,  i.e.  no  prototype  device  of  this  nature  has  been  built  or  tested. 

Inertial  energy  scavenging:  This  technique  was  based  on  the  paradigm  of  the  “Seiko 
watch  mechanism”,  using  displacement  of  a  proof  mass  to  drive  a  small  generator.  The  electrical 
energy  produced  is  stored  in  a  small  battery  or  capacitor  which  consequently  drives  the  watch 
mechanism.  The  level  of  energy  that  can  be  obtained  from  this  approach  by  conservative  estimates 
is  in  the  mW  range,  but  there  is  no  proof  of  concept  for  devices  that  deliver  more  than  a  few 
microwatts.  However,  the  design  and  engineering  of  such  a  system  is  further  along  than  the 
systems  based  on  the  converters  described  above.  In  the  microwatt  range,  this  technique  is  weU 
characterized  and  commercial  products  are  available. 

Urine-based  fuel  cell:  A  fuel  cell  based  on  the  hydrolysis  of  urine  to  generate  urea  is, 
in  principle,  possible.  The  individual  elements  of  the  converter  system,  such  as  enzymatic 
hydrolysis  of  urea  to  carbon  dioxide  and  ammonia,  and  oxidation  of  ammonia  to  nitrogen  and 
water,  have  been  demonstrated,  but  no  working  prototype  for  the  whole  fuel  cell  yet  exists.  One 
problem  with  the  system  is  the  need  for  alkaline  conditions  that  may  require  transport  of  sodium 
hydroxide,  a  hazardous  compound.  Also,  to  achieve  power  generation  in  the  range  of  0.5  -  IW,  a 
system  to  concentrate  the  breakdown  products  of  urea,  such  as  reverse  osmosis,  will  be  necessary. 
C^e  attractive  feature  of  this  fuel  cell  concept  is  the  production  of  water  as  a  by-product  of  the 
system. 


Electromagnetic  generator:  Two  different  systems  were  discussed  within  the 
workshop  context,  with  different  types  of  energy  input  -  i.e.  using  conventional  gear  trains  arid 
using  a  hydraulic  or  pneumatic  system.  In  both  cases,  however,  the  goal  is  to  generate  po\ver  in 
the  range  of  3W,  taking  advantage  of  our  large  muscular  groups  (such  as  in  the  legs)  and  simple 
motions  against  gravity.  There  is  a  wealth  of  material  and  applications  for  small  DC  permanent 
magnet  motors.  These  units  can  be  “run  backwards”  to  produce  a  small  generator.  TypicaUy  these 
generators  are  less  than  80%  efficient  while  larger  devices,  designed  as  generators,  are  greater  than 
90%  efficient.  There  is  little  or  no  efforts  within  the  scientific  community  to  design  efficient  small 
generators  of  the  type  needed  for  harvesting  of  human  energy.  Several  commercial  products  are 
available  which  utilize  these  small  generators  in  a  human  powered  mode. 

While  intriguing,  the  state  of  the  art  for  conversion  mechanisms  is  such  that  it  is  impossible 
to  estimate  military  system  performance  in  units  such  as  W/kg. 

Within  the  numerous  organizations  interested  in  Human  Powered  Systems,  there  is  a  wide 
range  of  individual  components  whose  principles  have  been  demonstrated  on  the  laboratory  scale 
that  would  appear  to  be  ready  for  rapid  maturity  if  the  applications  are  real.  Examples  of 
intermediate  storage  units  include  flywheels,  springs,  electrochemical  capacitors,  phase  change 
materials,  and  shape  memory  alloys.  To  date,  a  few  of  these  components  have  been  assembled 
into  laboratory  systems  which  indicate  feasibility  and  provide  marketable  products.  The  most 
prominent  examples  which  can  be  purchased  are  the  Seiko  electric  watch  and  Ae  “wind-up  radio 
from  Baygen.  Numerous  examples  of  storage  mechanisms  were  discussed  within  the  workshop, 
the  most  promising  are  discussed  below. 

Energy  Storage  Technologies 

High  Rate  Rechargeable  Batteries.  The  state  of  the  art  in  high  rate  rechargeable 
batteries  was  discussed  at  “Power  *97.”  In  general,  very  thin  lead  acid  cells  can  have  specific 
power  levels  on  the  order  of  10  kW/kg  in  sizes  comparable  to  “D”  cells.  The  Litiiium  technologies 
can  provide  specific  power  levels  in  excess  of  1  kW/kg  if  specially  designed.  T^e  trade  off  for 
high  specific  power  in  batteries  is  decreased  specific  energy  and  much  reduced  life.  At  the  mgh 
rates,  the  useful  specific  energy  is  dimimshed  by  factors  of  3-5  over  that  for  normM  operation. 
Typical  specific  energy  for  rechargeable  batteries  is  between  40  and  100  Whr/kg,  with  the  larger 
number  being  associated  with  large  cells  and  normal  discharge  rates.  Appropriate  batteries  for  use 
in  harvesting  and  storing  at  modest  rates  exist  in  a  multitude  of  sizes  ranging  from  button  cells  to 
large  packs  made  up  of  many  cells  in  series/paraUel  arrays.  The  technology  is  nature  with 
numerous  suppliers  in  a  multitude  of  chemistries  and  sizes.  Due  to  r^uced  cycle  life,  high  specific 
power  batteries  may  not  be  appropriate  for  harvesting  and  high  specific  energy  batteries  may  have 
to  be  used  in  conjunction  with  other  technologies(  if  power  is  an  issue)  in  human  powered 
systems. 

Electrochemical  Capacitors.  High  rate  electrochemical  capacitors  are  just  now 
emerging  from  the  laboratories.  In  general,  devices  based  on  aqueous  electroljles  can  have 
specific  power  in  excess  of  15  kW/kg  with  excellent  scaling  to  small  sizes.  Specific  energy  is 
usually  factors  of  5-10  less  than  batteries  but  comparable  to  “high  rate”  batteries.  The  best  specific 
energies  for  electrochemical  capacitors  are  in  the  range  of  5-15  Whr/kg,  with  the  higher  number 
being  laboratory  prototypes.  Cycle  life  in  excess  of  one  millioii  has  b^n  demonstrated  in  several 
embodiments.  Devices  based  on  hydrous  amorphous  ruthenium  oxide,  invented  at  the  Army 
Research  Laboratory,  offer  the  best  promise  for  high  specific  energy  and  specific  power.  The 
mechanisms  and  control  of  leakage  currents  are  not  well  understood.  There  are  several 
manufacturers  of  both  prototype  and  conunercial  devices  which  could  be  used  in  demonstration 
systems. 


Springs.  Springs  have  been  used  for  decades  as  intermediate  energy  storage 
mechanisms.  AD  of  these  materials  store  energy  due  to  reversible  elastic  distortion,  with  the 
amount  of  energy  stored  proportional  to  the  distortion.  In  general,  the  specific  energy  is  on  the 
order  of  0.1 -0.3  Whr/kg.  Note  that  when  the  ener^  stored  in  a  spring  is  retrieved,  it  is 
“mechanical”  in  form  and  requires  conversion  to  electrical  format.  Spring  technology  is  mature 
and  it  is  doubtful  if  the  specific  energy  can  be  increased  significantiy  without  compromising  life 
and  safety.  There  are  numerous  manufacturers  who  will  custom  design  to  specification.  Springs 
form  the  storage  mechanism  for  the  “wind-up”  radios  from  Baygen. 

Inertial/Flywheels.  Flywheels  are  a  well  established  method  of  inertial  energy 
storage.  In  large  sizes,  flywheels  are  mature  and  form  an  inte^al  part  of  many  advanced  systems. 
Ihe  amount  of  energy  stored  in  a  flywheel  is  proportional  to  the  mass  and  physical 
dimensions(moment  of  inertia)  and  the  angular  velocity  at  which  the  flywheel  is  spinning.  In 
modest  sizes,  energy  storage  densities  approach  that  of  batteries  (>50  Whr/kg)  but  much  of  the 
advantages  are  lost  in  smaD  sizes  due  to  poor  scaling  of  windage,  bearing,  and  friction  effects. 
Further,  flywheels  have  large  gyroscopic  effects  which  tend  to  interfere  with  an  individuals 
freedom  of  motion.  The  technology  is  mature  and  there  are  numerous  manufacturers  who  wiD 
custom  design  to  specifications.  Energy  is  retrieved  in  mechanical  form  requiring  the  use  of  a 
mechanical-electrical  converter. 

Gravitational.  Storage  of  energy  in  the  gravitational  field  of  the  earth  is  also  a  weU 
estabhshed  art  in  many  forms.  Pumped  hydroelectric,  “pile  drivers,”  and  grandfather  clocks  are 
classic^  examples.  From  the  perspective  of  human  energy  harvesting,  die  energy  density  is 
proportional  to  the  amount  of  mass  that  a  human  can  lift  and  the  distance  within  the  field  that  he  can 
lift  the  mass,  "^e  work  done  lifting  a  100  kg  mass  2  meter  against  the  earth’s  gravitational  field 
results  in  2000 joules  being  stored  in  the  mass.  In  mechanical  form,  this  energy  can  be  retrieved 
with  high  efficiency  making  the  energy  storage  density  on  the  order  of  20  joulesAcg(mechanical),  a 
rather  low  specific  energy.  Utilizing  the  appropriate  converter,  approximately  1.5  watts  could  be 
retrieved  for  1000  seconds  with  each  repetitive  lifting  of  the  mass.  Power  is  converter  specific  and 
higher  rates  can  be  achieved  for  shorter  times. 


Identify  the  Key  Research  Issues  Pacing  the  Development  (or  Limiting  Full 
Development)  of  Efficient.  Human  Powered  Sv.stems 

The  state-of-the-art  is  such  that  useful  devices  can  be  built  with  existing  technology. 

The  consensus  opinion  was  that  it  is  feasible  to  harvest  some  of  the  “waste”  energy  from  a  soldier, 
however,  that  does  not  answer  the  question  of  practicaUty  or  desirabDity.  The  research  and 
development  issues  necessary  to  make  these  judgments  can  be  divided  into  those  which  effect  the 
human  in  the  system,  the  materials  technologies  of  the  converter/storage  technologies,  their 
operating  environmental  response,  and  those  which  influence  the  manufacturing/packaging 
technologies.  The  research  issues  associated  with  the  human  in  the  system  are: 

•  What  source  on  the  human  do  we  tap  into 

•  How  do  we  tap  into  the  source  unobtrusively 

•  What  is  the  effect  on  the  human  performance  as  a  result  of  harvesting 

•  What  are  the  human  metrics  to  be  employed  in  evaluating  harvesting 

-  Physiological  factors 

-  Psychological  factors 

-  B(^y  morphology 

-  Field  experience  by  soldiers 


•  Missions/work  profiles 

Numerous  converter  technologies  were  discussed  within  the  workshop.  The  inost  promising  have 
numerous  research  issues  associated  with  their  development  to  the  point  of  optunum  performance. 
Research  issues  associated  with  the  most  promising  converter  candidates  are: 

Mechanical  to  Electrical  -  Generators 

•  There  is  an  enormous  “impedance”  mismatch  for  miniature  generators.  Generators  operate 
efficiently  at  high  rpm  but  the  human  input  is  orders  of  magnitude  slower  necessitating  high 
gear  ratios  or  unique  hydraulic  systems. 

•  For  geared  systems,  loss  mechanisms  get  worse  as  the  systems  become  smaller. 

•  For  generators,  the  design  rules  and  physics  are  well  known  but  not  widely  applied  to  small 
systems.  State  of  the  art  for  small  motors  is  mature.  Technology  is  relevant  but  not  totally 
transferable. 

•  New  magnetic  materials  may  impact  design  rules. 

Mechanical  to  Electrical  -  Piezoelectric  and  Electrostrictive 

•  Optimum  coupling  coefficients 

•  Adaptive  ensembles  of  elements 

•  Compliant  electrodes 

•  New  materials 

•  Fatigue  properties/cycle  life 

Thermal  to  Electrical 


•  While  there  is  ample  energy,  the  temperature  at  which  the  energy  is  available  is  low  and 
consequently  the  delta  T  over  which  thermoelectrics  would  function  is  small. 

•  Energy  is  distributed  over  the  surface  of  the  human.  How  do  you  capture  the  available  energy 
without  disturbing  core  body  functions? 

•  New  thermoelectric  materials  are  needed  to  have  any  reasonable  hope  of  utilizing  waste 
thermal  energy  (DARPA  has  programs  in  this  area). 

Chemical  to  Electrical 

•  Biofuel  cells  not  well  developed  or  characterized 

•  Scaling  of  composters  and  digesters  and  methods  of  speeding  up  the  processes 

•  Appropriate  catalysts 


The  research  issues  associated  with  storage  technologies  are: 

Electrochemical 

•  Improved  low  temperature  performance 

•  Internal  loss  mechanism  understanding  and  mitigation 

•  Ruggedization 


•  Manufacturing  technology 

Inertial 

•  Miniature  bearings 

•  New  materials 

•  Miniature  gear  mechanisms 

•  Loss  mitigation 

Mechanical/Springs 

•  New  lightweight  spring  materials 

Gravitational 

•  Methods  for  implementing 


Identify  the  Major  Limiting  Factors  Which  Must  Be  Addressed  as  Part  of  Overall 

Human  Powered  System  Design 

From  the  perspective  of  the  Dismounted  Soldier  potential  applications,  as  described  within 
the  workshop  working  groups,  should  be  scrutinized  from  the  viewpoint  of  desirability, 
probability  of  successful  development,  and  potential  impact  to  the  Soldier  if  successful.  From  an 
Army  perspective,  cost,  reliability,  maintenance,  power  capability,  energy  storage  capability, 
human  non-interference,  etc.,  are  key  issues  to  any  large  scale  introduction  into  the  inventory.  The 
appropriate  technologies  are  immature  for  Army  appUcations  and  as  such  it  is  difficult  to  assess 
hovv  successful  human  powered  systems  will  be  and  how  well  they  will  function  in  the  Army 
environment.  All  of  the  equipment  for  the  Dismounted  Soldier  must  be  enormously  compact  and 
rugged.  Consequently,  issues  such  as  energy  density,  power  density,  minimal  signature  (both 
thermal  and  acoustic),  orientation-independence,  raggedization,  simplicity  of  operation,  and 
reliability  are  the  major  limiting  factors  from  an  operational  point  of  view.  Cost  is  always  a 
limiting  factor.  These  limiting  factors  translate  to  the  materials  issues  discussed  above  as  critical 
research  issues.  Since  human  powered  systems  are  just  beginning  to  emerge,  there  is  little  data 
wWch  can  be  used  to  judge  performance  within  system  configurations.  These  limiting  factors  are 
critical  and  a  data  base  must  be  established  before  any  meaningful  applications  scenarios  can  be 
evaluated.  The  limiting  factors  are: 

•  Amount  of  energy  which  can  be  harvested  without  becoming  a  load  factor  for  the  soldier 

•  Interference  with  the  normal  functioning  of  the  soldier 

•  Absolute  power  levels  needed  for  powering  the  electronic  suites 

•  Reliability  in  a  battlefield  environment 

•  Integration  into  the  soldiers  battle  dress 

•  Distribution  System 


Prinritizc  Research  Tssues.  Indicating  the  Impact  if  Research  is  Successful 
The  following  are  typical  of  the  tasks  which  could  impact  human  powered  electrical  systems: 

•  Efficient  lightweight  intermediate  storage  units,  optimized  to  the  particular  harvesting 
technology  employed 

•  Analysis  of  the  motion  of  humans  when  doing  routine  tasks  and  how  to  couple  converters  to 
this  motion  in  an  unobtrusive  manner 

•  Laboratory  prototypes  employing  small  electromechanical  converters  and  piezoelectric  devices 

•  New  converter  technologies 

Human  Powered  Devices  are  at  a  stage  where  there  are  modest  commercial  successes  as 
witnessed  by  several  products  with  wide  scale  availability.  The  workshop  unanimously  agreed  that 
the  technology  exists  to  allow  demonstrations  of  potential  to  Army  applications.  Many  of  the 
components  necessary  to  build  a  significant  system  have  been  demonstrated  separately.  There  is 
sufficient  capability  in  several  R&D  organizations  to  build  prototypic  systems  which  could  be 
evaluated  in  the  field.  Only  in  that  mode  can  priority  R&D  issues  be  identified  within  the 
framework  of  application.  Research  is  needed  to  accurately  characterize  the  capability  of  each 
system  concept  within  the  framework  of  the  application  to  the  Dismounted  Soldier.  The  successful 
application  of  human  powered  systems  must  result  in  weight  savings,  cost  effectiveness,  added 
capability,  and  reliability.  At  the  component  level,  the  priorities  are: 

•  Demonstration  of  a  human  powered  system  designed  for  a  specific  Army  task 

•  Development  of  optimized  storage  and  converter  technologies,  and; 

•  Integration  of  the  system  into  the  battle  dress  of  the  dismounted  soldier. 


Provide  Milestones  for  Research  Teams  to  Attain  to  Assure  Significant 
Improvements  in  Human  Powered  Systems  Technology  Over  a  Near-term  and 

Long-term  Development  Program 

The  workshop  participants  identified  several  potential  applications  for  the  Army.  The  most 
promising  were: 

•  Personal  battery  chargers  in  the  “few  watt”  category 

•  Stand  alone  power  for  medical  sensors,  some  displays 

•  Utilizing  the  appropriate  high  power  intermediate  store,  high  power  burst  mode 
communications/data  transmission 

•  Combination  exercise/generator  devices  for  the  special  forces 

Given  sufficient  funding,  the  technical  community  should  be  able  to  produce  prototypic 
devices  for  evaluation  within  three  years.  An  engineering  protop^  could  be  built  within  one  year 
thereafter.  The  most  promising  devices  appear  to  be  those  which  would  harvest  enerp  from  the 
“heel  strike”  or  utilize  gravitational  energy  in  the  same  mode  as  the  “grandfather  clock”  for  battery 
charging.  For  medical  sensors,  the  “Seiko  clock”  mechanism  is  ready  to  apply  in  the  microwatt 
range. 


Identify  Operational/environmental  Constraints  Such  as  Materials.  Signatures. 

Manufacturing,  and  Pollution  Which  Might  Influence  Applications  or 

Improvements  Envisioned 

Within  the  framework  of  the  Workshop,  the  participants  identified  the  following 
operational  constraints  due  to  the  peculiar  nature  of  the  requirements  for  the  Dismounted  Soldier: 

•  Human  powered  systems  must  not  have  a  signature  which  can  be  exploited  by  a 
hostile  force 

•  Human  Powered  Systems  must  be  capable  of  orientation  independent  operation 
in  many  scenarios 

•  Human  Powered  Systems  must  be  robust  and  capable  of  sustaining  mechanical 
shock  typical  of  that  associated  with  the  battlefield  environment,  and 

•  Human  Powered  Systems  must  offer  an  operational  advantage  over  current 
methods  of  supplying  electrical  energy  to  the  soldier 

•  Human  Powered  Systems  must  offer  minimal  interference  to  the  normal 
operational  mode  for  the  soldier 

It  was  the  general  consensus  of  the  participants  that  Human  Powered  Systems  shows 
substantial  promise  as  useful  power  sources  for  both  civil  and  military  applications.  It  is  not 
possible  to  judge  the  ultimate  utility  or  the  degree  to  which  these  devices  can  replace  current 
technology.  Clearly  as  the  levels  of  energy  and  power  needed  by  the  soldier  diminish,  human 
powered  systems  become  more  feasible,  desirable,  and  perhaps  practical. 


INTRODUCTION 


Prospector  DC  is  the  ninth  in  a  series  of  workshops  dealing  directly  with  advanced 
technologies  applied  to  the  individual  soldiers  needs.  Technology  projections  for  the  energy 
demands  for  electronic  systems  relevant  to  the  Dismounted  Soldier,  as  ^scussed  in  the  NRC  report 
“Energy  Efficient  Technologies  for  the  Dismounted  Soldier,”  1998,  suggest  that  some  of  the 
energy  necessary  to  power  the  soldiers  electronic  suite  might  be  harvested  from  the  individual.  As 
the  Army  becomes  more  mobile,  a  premium  is  to  be  paid  on  autonomy,  reliability  and  minimum 
mass  systems.  Improvements  in  power  technolo^  and  systems  in  terms  of  reliability,  cost  and 
maximiim  energy/power  density  translate  immediately  to  increased  capability  and  reduced  cost. 
Human  Powered  Systems  could  have  major  impact  by  providing  essentially  unlimited  autonomy 
timp,  for  the  electronic  systems  in  the  field.  Further  it  should  simplify  or  eliminate  certain  items 
from  the  logistics  chain. 

In  November,  1990,  the  first  workshop  on  Mobile  Tactical  Battlefield  Power  Technolo^ 
was  held  at  the  request  of  the  Army  Research  Office.  One  of  the  major  findings  from  tWs 
workshop  was  the  need  for  research  and  development  to  improve  the  Army  power  technology  at 
the  low  end  of  the  scale.  Power  technology  up  to  about  500  W  and  man  portable  is  absolutely  key 
to  the  effectiveness  of  the  Armies  mobility.  Further,  issues  of  autonomy  time,  reliability,  scaling 
and  cost  were  not  clearly  defined  and  pointed  to  the  need  for  other  workshops  dedicated  to  subsets 
of  the  Armies  power  needs.  The  second  power  workshop  on  key  issues  in  Electrochemical  Power 
Technology  was  held  at  the  Auburn  University  Hotel  and  Conference  Center  on  May  27  -  28, 
1992.  That  Workshop  was  requested  by  the  Department  of  the  Army,  Assist.  Secretary  of  the 
Army  for  Research,  Development  and  Acquisition  (ASARDA),  and  was  sponsored  by  the  Army 
Research  Office.  The  focus  for  that  workshop  was  the  peculiar  challenges  for  power  technology 
associated  with  the  Soldier  as  a  System  and  the  ability  of  electrochemical  power  sources  to  meet  the 
requirements.  The  enormous  energy  stored  in  the  nucleus  is  an  attractive  source  if  means  can  be 
invented  to  access  this  energy  in  a  cost  effective  and  environmentally  safe  way.  To  assess  this 
technology.  Prospector  n  studied  Radio  isotope  powered  (RTG)  systems  with  emphasis  on 
whether  they  could  meet  any  of  the  Army’s  needs.  Since  small  combustion  driven  engine- 
generator  systems  also  appear  capable  of  performance  within  the  requirements  for  the  soldier 
system,  the  focus  of  Prospector  IV  was  on  the  capability  of  these  small  engine-generator  systems 
and  the  problems  which  must  be  solved  prior  to  placing  in  the  inventory.  Within  the  scope  of  the 
Soldier  as  a  System,  there  is  a  wide  range  of  power  requirements  depending  upon  the  mission 
duration  and  the  capability  needed  for  the  mission.  At  Prospector  FV,  it  was  pointed  out  that  there 
was  a  new  and  emerging  technology  of  miniature  machines  or  "systems  on  a  chip"  which  could  be 
applicable  to  all  of  the  technologies  discussed  in  the  Prospector  series  of  workshops  and  further, 
might  provide  new  capability.  For  that  reason.  Prospector  V  explored  the  application  of  “MIMS” 
technology  to  Army  needs  with  special  emphasis  on  the  Soldier  System.  Prospector  VH  focused 
on  small  fuel  cells  which  are  even  now  being  evaluated  for  use  in  a  battlefield  environment.  If 
fueled  systems  are  to  be  introduced  into  the  inventory,  it  would  be  desirable  to  have  them  function 
on  the  current  battlefield  fuels.  Since  ThermoEhotoYoltaics(TPV)  is  emerging  and  could  use 
battlefield  fuels,  a  workshop.  Prospector  Vin,  was  held  to  assess  the  potential  of  TPV  and  to  put 
its  attributes  in  perspective  with  respect  to  competitors  such  as  batteries,  fuel  cells  and  small  motor- 
generator  sets.  If  the  energy  demands  for  the  electronic  suite  for  the  Dismounted  Soldier  decrease 
substantially,  it  becomes  possible  to  harvest  some  or  perhaps  aU  of  the  energy  from  the  waste 
energy  available  from  the  soldier  himself.  Hence  Prospector  DC  was  held  to  examine  the  potential 
of  Human  Powered  Systems.  The  goals  of  the  workshop  were  to  draw  the  participants’  attention 
toward  three  major  sets  of  criteria  —  requirements,  key  research  issues,  and  projected  capabilities 
and  development  opportunities.  The  specific  goals,  as  determined  by  Ae  Board  of  Directors,  are 
to: 

•  Assess  the  state-of-the-art  of  human  powered  systems; 


Characterize  innovative  technologies  which  might  be  relevant; 


•  Identify  the  key  research  issues  pacing  the  development  of  efficient  human  powered 
systems; 

•  Identify  the  key  issues  which  must  be  addressed  as  part  of  overall  human  powered 
system; 

•  Distinguish  the  limitations  imposed  by  technology  from  those  imposed  by  nature; 

•  Establish  parameters  for  the  consistent  evaluation  of  human  powered  sources  within  an 
overall  system  concept  for  comparison  with  other  technologies; 

•  Identify  the  power  conditioning  technologies  appropriate  for  matching  human  powered 
systems  to  loads  within  the  constraints  of  cost,  weight,  and  volume; 

•  Identify  the  power/energy  regimes  for  which  human  powered  sources  are  applicable; 

•  Identify  the  physiological  limits  to  the  human  to  power  systems. 

To  accomplish  these  goals,  a  group  of  scientists  and  engineers,  active  in  relevant 
technologies,  were  invited  to  present  current  perceptions  of  the  state-of-the-art  in  Human  Powered 
Systems  and  the  relevant  technologies.  A  plenary  session  was  organized  to  present  a  government 
and  industrial  perspective  on  needs  and  possible  scenarios  which  might  benefit  from  human 
powered  devices.  The  plenary  agenda  is  shown  in  figure  1. 


OVERVIEW  SESSION  -  1 

Chairwoman:  Dr.  Donna  Cookmeyer 

•  “Soldier  System  in  20  Years”,  Robert  O’Brien  (NATICK) 

•  “Future  Power  Requirements  for  the  Dismounted  Soldier”,  Rudolf  Buser  (CECOM) 

•  “Power  for  the  Dismounted  Soldier  -  A  Summary  of  the  NRC  Study”,  Frank  Rose  (Auburn) 

•  “DARPA  Perspective  on  Power  Technology”,  Bob  Nowak  (DARPA) 

•  “Special  Operations  Perspective”,  Sal  Raineri  (Special  Forces) 


OVERVIEW  SESSION  -  2 

Chairman:  Dr.  DickPaur 

•  “SUO  Power  Profiles  -  CECOM  Perspective”,  Jim  Stephens  (CECOM) 

•  “NASA  Investment  in  Spacecraft  Systems  Technology”,  Joe  Sovie  (NASA  LeRC) 

•  “Rudimentary  Physics  of  Man-Powered  Systems”,  Art  Ballato  (CECOM) 

•  “History  and  Status  of  Personal  Power  Devices  for  the  Commercial  Market”,  John  Hutchinson 
(BayGen) 

•  “Physiological  Factors  that  may  Limit  and  Techniques  that  may  Enhance  Human 
Performance”,  Ellen  Glickman-Weiss  (Kent  State  University) 


As  confirmed  by  the  plenary  speakers,  the  interest  in  novel  power  technology  and  its 
application  to  the  soldier  is  high  and  that  it  appears  possible  to  develop  numerous  human  powered 
systems  both  for  commercial  and  mihtary  applications. 

To  accurately  determine  the  utility  of  human  power,  it  is  necessary  to  attempt  to  define  the 
state-of-the-art  in  the  relevant  technologies.  Therefore,  to  assist  in  the  workshop  process, 
scientists  and  engineers,  active  in  relevant  technologies,  were  invited  to  present  technology 
summaries  describing  the  state-of-the-art,  near-term-state-of-the-art  and  give  their  opinions  of 
ultimate  limits  with  some  considerations  for  practicality.  The  agenda  for  the  technology  sessions  is 
shown  in  Figure  2. 


TECHNOLOGY  SESSION  -  1 

Chairman:  Dr.  Bob  Nowak 

•  “Electrostatic  Integrated  Force  Arrays”,  Scott  Goodwin-Johansson 

•  “Energy  Conservation  and  Alternative  Energy  Sources  for  Wearable  Electronics”,  Dan 
Siewiorek  (Carnegie  Mellon” 

•  “Energy  Storage/Conversion  Materials”,  Ralph  Zee  (Auburn) 

•  “Electrochemical  Capacitors”,  Steve  Merryman  (Auburn) 

•  “Compact  and  Lightweight  Energy  Conversion  using  Electrostrictive  Polymers”,  Roy 
Kombluh  (Stanford  Research  Institute) 

•  “Lunar/Mars  Space  Suit  Requirements”,  Anthony  Wagner  (NASA/JSC) 


TECHNOLOGY  SESSION  -2 

Chairman:  Dr.  Steve  Merryman 

•  “Integrated  Power  Management  for  Microsystems”  Dwayne  Fry  (ORNL) 

•  “Seiko  Human  Powered  Quartz  Watch”  Seiko  -  Epson  Staff 

Overview  Masakatsu  Saka 

Details  of  the  Device  Kinya  Masuzawa 

Applications  of  AGS  Kinya  Masuzawa 

•  “Overview  of  Developments  in  South  Africa”  Etienne  Rijkheer  (Syzygy) 

•  ‘Technological  Challenges  for  Human  Powered  Systems”  EricTkaczyk  (GE) 

Figure  2 

The  remainder  of  the  workshop  was  spent  in  small  working  groups  centered  around: 

•  Potential  Applications,  Specific  Mission  Needs,  State-of-the-Art 

•  Key  Research  Issues,  Major  Limiting  Factors,  Constraints 

•  Strategies  &  Technologies,  Priorities,  Near  &  Long-Term  Developments,  Milestones  to 
Achieve  Priorities 


In  a  final  session,  the  working  group  chairman  presented  a  summary  of  their  group's 
deliberations  and  findings  to  the  general  assembly  of  participants.  As  usual,  considerable  lively 
discussion  attended  each  report  and  was  incorporated  as  accurately  as  possible  in  the  executive 
summary  results. 

The  45  participants  were  drawn  from  Industry  (15),  Academia  (10),  and  Government 
laboratories/National  Laboratories  (20)  and  represented  an  adequate  cross-section  of  scientists  and 
technologists  working,  or  interested,  in  the  field  or  in  relevant  technologies.  The  remainder  of  this 
document  is  a  collection  of  the  workshop  presentations  and  summaries  from  the  working  groups. 


WORKING  GROUP  DELIBERATION 

SUMMARIES 


WORKING  GROUP  1  SUMMARY 


Group  1:  Applications 
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Electrostatic  Force  Arrays 
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•  Don’t  need  bootstrap  battery 
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Littie/no  mecnanics,  proven  materials 
Power  conditioning:  100  V  -  lOV 
Ongoing  work  by  AMP  and  MIT;  prototype  soon 
HyperElastic  piezo  polymer  (FE  Xtals  in  LC  matrix)?? 
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Note:  PAN  transceiver  can  be  embedded  in  PC  keyboard 


c: 

o 


c/5 

O 


bD 

"o 

o 

(D 

H 

o 

(D 

> 

a 

O 

U 


o 


c/5 

C/5 

g3 


O 

O 

Ui 

Ph 

(D 

O 

c3 

"S. 

c/5 


U* 

(D 

4-> 

(D 


O 

(D 

Q. 

r\ 

Ob 

oi 


S 

D 

4-» 

C/5 

>> 

C/5 

4-» 

C 

c3 

C 

o 

c/5 

<D 


^  cd  4-? 


c3 

O 

•  ^ 

(D 

GO 


c/5 

o 

o 


T3 

(D 

-♦-> 

;-l 

+-» 

c/5 

C 

o 


a 

.a 

’5 

<l>  PX)  c. 

s  .S  gj) 

Oh  45 


4^ 

o 

Oh 

4d 

O 

c3 

41) 


p  ^ 


C3 


(D 

Q 


c/5 

(D 

CQ 


GO  44 
(D  <D 

'8^ 


c3 

O 

(D 

"O 

O 

c/5 

C/5  0^ 

<D  'rr 

PX)  ^ 

a>  GO 

W  ' 


o* 

(D 

O 

C 

a 

c 

o 

c/i 

(D 

u* 


Ui 

(D 
+- > 
4-» 

<U 

4i 

O 

'O 

c 

oJ 

CJ 

•  r\ 

<u 


c/5 

c/5 

O 

C5h 

<D 

'(-J 

cd 


c/5 

(U 

<L> 

O 

•  f-H 
> 
<D 

Ui 

<D 

On 


O 

iT) 

I 

o 

CN 


(D 

<D 

(D 

c 

c/5 

C/5 

C/5  52 

2  c? 

(D  4-^ 

4->  O 

^  a 

CO  ^ 

4>  >%  c. 

5S  -t: 

r2  C 

t-(  (L) 

•  T-H  - 

^  c 

(lT  ^  ' 

too  o 

Q. 
^  - 

45 
O 

I 

(D 


C/3 

(D 

55 

c/3 

C/3 


44 

O 

*n 

4-» 

C 

• 

c 

*4— > 

c3 

o 

•  1-H 

p^ 

< 


V. 

4-> 

a 

(D 

O 

£ 

C4-1 

(L> 

(D 

Xi 

2 

3 

o 

U 


I  I 


3^ 


•  Jbxpioit  existing  gear  (bacKpacR/;  as  prooi  mass 

•  Ergonomics,  irritation  level 

OmniMode  device? 

•  Wear  for  parasitic  power,  strap  on  crank  for  direct  conversion 


Load  and  Charging  Management 

Large  disparity  between  average  and  peak  loads 


CD 


CO 

O 

o 

o 

CO 

(D 


s* 

4-^ 

‘C 

Xi 


ri  c 


H-> 

o 

bO 

CS 

X) 

Oh 

C 

*C 

c 
•  1-^ 

c2 

-o 

CO 

4-> 

CD 

<L) 

C2 

1— X 

o 

4-( 

*o 

a 

o 

(U 

(D 

T3 

0) 

s 
•  ^ 

x: 

•  1-x 
H— » 

C 

<D 

T3 

c/5 

o 

•  rX 

4h 

<D 

'k 

> 

'O 

o 

c 

r; 

Uh 
H— » 

00 

o 

H— » 

• _ . 

c 

o 

(D 

o 

CD 

a> 

o 

<s 

c3 

CO 

O 

bX) 

O 

CD 

E 

D 

Qh 

(U 

(D 

o 

o 

<D 

O 

c/5 

> 

CU 

•  t-H 

CO 

bX) 

c/5 

H-» 

c 

"O 

<D 

CD 

c-> 

CD 

d 

QJ 

c3 

H-» 

'O 

O 

<u 

Dh 

c/5 

CO 

C 

03 

C 

B 

d 

c/5 

O 

♦  ^ 

d 

X 

O 

•  1-H 

CO 

CO 

CN 

bb 

(L) 

'+-* 

CD 

c3 

Oh 

O 

HD 

c 

o 

O 

Jlj 

bO 

c/5 

5 

ii 

• 

s 

HH 

O 

• 

• 

# 

s 

(D 

-4— > 

C/D 

>> 

C/5 

-C 

o 

C3 

<L) 


c/5 


C/5 

<0 


O 

c 


<D 

£ 

(D  c/5 

•-  a> 

<D 


<U 

o 

C4 


ccj 


c 

<L> 

^  £ 
c/2  g_ 

^  4) 

J  £ 


CO 

(D 

CiO 

Vh 

o 


cj 

•  ^ 

OD  ^ 
*-<  ^ 

^  o 
o  ^ 

-C3  CO 

•  o 
o 

Oh 

a 
o 

<D 
toX) 

4h 

cd 


o 

• 

4-» 

a 

4-> 

t-H 

C/D 

52  co'' 
CD 

o  ‘C 

bi)  ^ 

2  i 

a  pQ 

03 


< 


3^ 


•  ESR  losses,  etc. 

Continuous  trickle-charge  w.  low-output  eleetrical  source 

High-impulse  mechanical  input  buffered,  then  metered  out 

•  Wind  spring,  lift  mass,  etc. 


Electromagnetic  Generator 


3  U 


■  8,^ 


coNcePr:  fuxopcovs/ 

BSTWgVN}  INMS(^flUTee 
RBse)S,voifc^  TUKu' 
M'lOBAgUU  &  AA01»e/<£nM . 


p<^Tise  (z-sstfc^^ 

eiclib  BfiLT 


^seeM»\e 


/ 


3^ 


'oh 

Sfl 

||| 

F  it 


/ 


ti^ 


5? 


0 


vr< 

I 


'^-^TTONi 


WORKING  GROUP  3  SUMMARY 


5*0 


OVERVIEW  SESSION  1 


“SOLDIER  SYSTEM  IN  20  YEARS” 

Mr.  Robert  O’Brien 

Soldier  Systems  Command 
Natick,  MA  01760 


53 


S 

a  S  C 
2  -2  « 
i  g  cc 
B  o  fi 

U  .1 


^  * 

S  a 


ft.  p^ 
O  CO 

JS 

^  js 
a.Sf> 
.2  J 

® 

T)  'W 

a> 


>  ss 

g  ^  o 

«  1-1  'O 

s 

CS  ibpm 

c»  M  n 

•  •  • 


^  ns 

I  s 
£  & 


<«  ^ 

2  c 

© 

CA  S 

©  s 

^  B* 

e  ^ 
X  ^ 

T3  'O 
©  © 
©  © 
C  C 
03  a 
JS  JS 

s  c 


tu  W) 

'B 

WD  % 

•P^ 

c«  Z 

T3  'O 
0^  a> 

Ct  A 

D£  0£ 

4>  O 


55 
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Typical  72  hour  mission  requires  18  BA-5847C/U 
Batteries  per  soldier 

-  12.4  pounds  &  263.25  in^  of  batteries 


Dismounted  Warrior  System 
*  Power  &  Energy 
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bring  the  warfighter  capability  that  is: 

•  Light  Weight,  Affordable  and  Fightable 
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Mr.  Rudolf  G.  Buser 
CECOM 

Ft.  Monmouth,  NJ  07703-5201 


Fort  Monmouth,  New  Jersey 


FIELD  CONCERNS 


6)7 


roliferatio 


CO 


(0 

CM 


h- 

CO  £- 
^  O 

CO  .T 

CQ  -I 


(/> 

L. 

X 

5 

o 

CM 


CO 


CM 


(0 

c 

E 

o 

c 


oo 


E 

0 

to 

>»  1_ 

CO  0 

c-i 
o  — 

Q.LL 
0 
0 


C 

o 

Q. 

0 

0 


0 

D).SP 


0 
4-» 

g-o 

?  1123(3  iS 

S?  ilSis 

©  E  is  is  w  Q 
c  o  o  o  0-  ^ 
-OCOCOOX 


■O 

o 


0 

0 

0 


U) 

o 

CM 


O 

■?  ^ 

i3§ 


0 


CO 

JD 


t^ 

■M" 

CM  r- 

^  O 

DO  Z 
CQ  ^ 


■M"  ^ 
CO  ^ 

>?i£ 

CQ 

CQ  ^ 


(Q 

5x0 

5  CM  ^ 
ID 

^  lO 


0 

o 

o 


0 

0 

0 

C 

0 


P 


0 

cl 
.9  cs 
to  c 
o  ,2 
o  ■*- 
0 

o  D 
0 

CD  CO 


O) 


E 

£ 


c 

S  O 
t5  0 

•9  ©  o 
®  (OO 
^  -O  ro 
0  §  .9 
.9-  g  t) 

CO  O  H 


O 

D 

CO 


0 


0 


"M" 

CO  c 

^  o 
CQ  Z 
CQ  ^ 


■M-  ^ 
CO  ^ 

X  P 

CQ  5: 
CQ  ^ 


(/) 

L. 

CO 

c 

X 

5 

“(o' 

u. 

£ 

o 

o 

CM 

c 

lO 

Tf 

§ 

V 

lO 

0 

o 

0 


0 

>  0 
>  0 
”0  ±i 

0  ^ 
^  2- 

So 

c 

0 

c 

LU 


D) 


c 

o  ^ 

Q.SZ 
0  O)  — 

^(O  S 

0'S  § 

S>  g^.2 

gl§ 


0 

D) 

C  C 
0  O 

O  D> 

xf  ■> 
0  0 
DC  Z 

■D  "O 
0  0 
o  IS 

E  2 

0  O) 

E  0 

HI  S 


O 

CM 

V 


X 

X 

LL 


Soldier  System  Exit  Criterias 
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Present  and  Planned  Battery  Charging  on  the  Battlefield 
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MODULAR  INTEGRATED  POWER  SYSTEM  CONCEPT 
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“POWER  FOR  THE  DISMOUNTED  SOLDIER  -  A  SUMMARY 

OF  THE  NRC  STUDY” 

Dr.  M.  Frank  Rose 

Space  Power  Institute 
Auburn  University,  AL  36849 
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Our  Vision:  in  20  Years . 
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CHANGES  IN  THE  ART  OF  WAR  FOLLOW 
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Possible  Harvestable  Breath  1.0  40%(based  on  turbine  efficiency) 

Sources 

Blood  pressure  0.9  about  2% 

Upper  limb  motion  24-60  <  3% 

Walking  (heel  strike)  67  piezoelectric  converter  ~7% 

generator  ~50% 
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Comparison  of  Power  Requirements  for  the  Land  Warrior  System  and 
Notional  Dismounted  Soldier  Systems 


Land 

Warrior 

in  2001 

(Operating  Power 
in  Watts) 

Commercial 
Technology 
in  2001 

(Operating  Power 
in  Watts) 

Commercial 
Technology 
in  2015 

(Operating  Power 
in  Watts) 

Computcr/Radio  Subsystem 

Computer 

14.800 

0.150 

0.010 

Hand-Held  Flat  Panel  Display 

6.400 

0.200 

0.007 

Soldier  Radio 

Receive 

1.400 

0.100 

0.025'' 

Transmit 

6.000 

1.600 

1.520" 

Squad  Radio 

Receive 

2.000 

b 

b 

Transmit 

12.000 

^b 

Global  Positioning  System 

1.500 

0.100 

0.020 

Video  Capture 

1.000 

0.050 

0.010 

Subtotal 

45.100 

2.200 

1.592 

Integrated  Helmet  Assembly  HHAS  Subsystem) 

Laser  Detectors 

0.600 

0.050 

0.025 

Helmet  Mounted  Display 

4.900 

0.220 

0.025 

Imager 

<0.100 

0.050 

0.025 

Subtotal 

5.600 

0.320 

0.075 

Weapon  Subsystem 

Laser  Rangefinder 

0.050 

0.050 

0.025 

Laser  Aiming  Light 

0,075 

0.005 

0.005 

Digital  Compass 

0.350 

0.005 

0.002 

Thermal  Weapon  Sight 

1525 

1.100 

Subtotal 

6.000 

1.160 

0.192 

Wireless  Sensor  and  Display  Interconnect 

- 

0.100 

0.050 

TOTAL  SYSTEM  POWER 

56.70 

3.78 

1.91 

Prospector  IX  -  Human  Powered  Systems 
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“DARPA  PERSPECTIVE  ON  POWER  TECHNOLOGY” 

Dr.  Robert  J.  Nowak 
DARPA/DSO 

Arlington,  VA  22203-1714 


phone:  703-696-7491 
fax:  703-696-9780 
RNOWAK@darpa.mil 


Silent  Watch  •  Battery  Replacement  •  Ground  Sensors 

Field  Power  Stations  •  Micro-Climate  Cooling  •  Micro  -  Robots 

•  Battery  Charging 


B  Electric  Power  2-100  kW 
Reformer  Demonstrations 


Georgetown  U.  Bus 
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Energy  Conversion  vs.  Energy  Storage 
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Driving  Force:  Substantially  decreased  size,  weight,  and  cost  with 
improved  safety  and  environmental  compliance  -►  Increased  force 
mobility 
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Mission  Duration  -  Hours 


Energy  from  the  Environment 


Bio,  Mechanical,  Solar, 
Gradients,  EM,  Transmission 
Line,  Human  Activity,  etc. 


Energy  Harvesting: 

A  Commercial  Example 


Mechanical-to-electrical  conversion 
Efficient  energy  storage 
Low  power  application 
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“SPECIAL  OPERATIONS  PERSPECTIVE” 


Mr.  Sal  C.  Raineri 
Ft.  Bragg,  NC  28307 


SOF  OPERATES  AT  LONG  RANGE  FROM  FRIENDLYS  AND  ONCE  INSERTED 
DO  NOT  RECEIVE  RESUPPLY. 
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AVERAGE  RUCK  SACK  -  115-140  LBS 
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SOLVE  POWER  GENERATION  FOR  THE  MOST  DEMANDING  AND  DIFFICULT 
S.Q.F. 


OVERVIEW  SESSION  2 


“SUO  POWER  PROFILES  -  CECOM  PERSPECTIVE” 

Mr.  James  E.  Stephens 
CECOM 

Front  Royal,  VA  22630 
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“NASA  INVESTMENT  IN  SPACECRAFT  SYSTEMS 

TECHNOLOGY” 

Mr.  Ronald  J.  Sovie 

NASA  Lewis  Research  Center 
Cleveland,  OH  44135 


a> 

o 

o 


o 

a> 


^  c  i 

<  E  £ 

Z  O) 
o  v>  ^ 


c/) 


<D 

CZ 

O) 

O 


CO 

CD 

CO 


o 

"> 
o 

</>  <D 

■s 

DC  > 

CD 


< 

CO 

< 


132. 


Novembers,  1997 


What  We  Will  Discuss 


133 


RJS98-001.2 
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Cross-Cutting  Technology  Areas  to  Respond  to  Customer 

Technology  Product  Requirements 


Note:  Spacecraft  Systems  includes:  Space  Environment  &  Effects;  Structures  &  Materials;  Thermal 

Management;  Power  &  Propulsion;  Avionics;  Design  Tools 


Spacecraft  Systems  Contains  4  Disciplines  &  Are 
Managed  Using  Integrated  Product  Development  (IPD) 
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Applicatjpns  for  Ground:  •  Complete  prototype  deployable  telescope 

Field  deployable  tracking  and  communications  and  demonstrate  optical  performance  Q2  02 
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Spacecraft  System  Power  Technology  Program 

Major  Milestones 


UNIQUE  FACILITIES  -  ALL  REQUIRED  FACILITIES  EXIST  (WILL  SUPPLY  LIST  IF  REQUIRED) 
•  INDICATES  JOINT,  CO-OPERATIVE  PROGRAM,  FUNDING  LEVERAGE 


Photovoltaic  Conversion  Technology 
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NASA  space  technology  transferred  to  major  aerospace  corporation 
(Westinghouse)  for  multi-million  dollar  development  eft^ 
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Technology  Development  of  Dual  Use  Rechargeable  Lithium-Ion  Polymer  Batteries 
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Battery  cells  and  cell  packs  currently  being  tested  by 
commercial,  military  and  NASA  end  users 
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The  demonstrated  high  Li:C  atomic  ratio  anodes  are 
necessary  for  high  power  density  lithium-ion  batteries 
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Power  Management  and  Distribution 
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“RUDIMENTARY  PHYSICS  OF  MAN-POWERED  SYSTEMS” 

Dr.  Arthur  Ballato 


CECOM 

Ft.  Monmouth,  NJ 


07703-5201 


Rudimentary  Physics  of  Man-Powered  Systems 
Arthur  Ballato 

US  Ajmy  Communications-Electronics  Command 
Fort  Monmouth,  NJ  07703 


Synopsis 

The  most  efficient  production  and  transfer  of  power  in  systems  takes  place 
when  the  source  impedance  is  matched  to  the  load.  For  man-powered 
systems,  this  match  is  complicated  by  a  number  of  factors.  Indeed,  for  the 
class  of  problems  encountered  in  man-powered  systems,  not  only  should  the 
impedances  (F/v)  be  matched,  but  also  the  elastances  (F/x).  In  general,  this  is 
not  possible,  and  compromises  must  be  made.  The  situation  is  akin  to  that  of 
needing  to  match  both  Reynolds  and  Froude  numbers  in  certain  fluid 
mechanics  design  problems.  Part  of  the  matching  problem  is  the  fact  that 
humans  are  ‘soft,’  while  most  transducer  materials  are  ‘hard.’  A  rudimentary 
discussion  of  the  physics/physiology  involved  is  given,  and  an  approach 
sketched  for  improvements. 

Because  of  the  mismatches  in  the  ratios  (F/x)  and  (F/v)  for  the  man/machine 
interface  that  exist  at  the  macroscopic  level  (one  man  and,  e.g.,  one  spring), 
the  problem  might  have  a  more  satisfactory  resolution  at  the  microscopic 
level.  At  present,  the  situation  is  much  the  same  as  obtained  in  1947  with 
respect  to  the  transistor.  One  such  device  was  relatively  large,  and  largely 
worthless.  It  was  only  with  the  advent  of  the  IC  and  increasingly  greater 
packing  densities  that  the  importance  and  utility  of  such  devices  grew.  At 
present  we  are  at  the  ‘one  transistor’  level.  At  the  microscopic  level,  the 
mechanical  impedances  and  elastances  of  materials  such  as  film 
piezoelectrics  are  more  favorable  for  matching  to  the  human.  When  coupled 
with  distributed  active  circuitry  for  ‘piezo-power-pixel’  generation, 
accumulation,  and  management,  the  very  act  of  wearing  clothing  in  everyday 
activities  can  lead  to  the  production  of  useful  electrical  output  without  the 
human-factors  difficulties  associated  with  wearing  constricting  apparatus  or 
performing  tiresome  repetitive  motions. 


COMMENTS  TO  VuGRAPHS 


01.  Title:  The  title  of  this  talk  is  “Rudimentary  Physics  of  Man-Powered  Systems.”  We 
start  with  an  enormously  expanded  view  of  things,  and  then  focus  down  on  our  subject. 
This  is  done  to  make  a  point:  simple  physical  considerations,  to  be  touched  on  later, 
indicate  that  the  present-day  approach  to  the  soldier-power  problem  operates,  in  many 
respects,  on  the  wrong  scale.  The  proper  scale  for  the  problem  of  matching  the  impedance 
and  elastance  of  a  human  to  energy  production  components  must  be  addressed.  In  the 
early  years  of  this  century,  a  child  prodigy  expressed  her  understanding  of  the  world  in 
the  words:  “Pipes  are  steel,  but  bones  are  real.”  In  a  real  sense  our  job  is  to  elucidate  and 
maximize  the  coupling  between  these  domains. 

02.  Limits  of  distance  and  mass  in  the  universe  [5].  Man’s  position  is  seen  to  be 
reasonably  centrally  located  between  the  extremes. 

03.  Quantum-Gravity  (Planck)  Units  [12].  These  units  are  comprised  of  combinations  of 
the  natural  constants  ti  (Planck’s  constant),  c  (the  speed  of  light),  and  G  (Newton  s 
gravitational  constant).  One  can  also  add  to  this  list  the  Planck  force,  F  —  G  (mp^)  /  (■^pf) 
=  c^  /  G  =  Ppf  /  c  =  1.20  •  10'^  N.  All  of  these  values  are  seen  to  be  wildly 
disproportionate  to  the  scale  of  man. 

04.  Energy  /  Power  Comparisons.  Man  is  located  in  a  central  position.  The  tank  entry  is 
for  the  Abrams  (Ml  Al)  120  mm  cannon.  Additional  entries:  Diesel  fuel,  38.4  MJ/f  and 
gasoline,  34.9  MJ/f. 

05.  Limits  on  the  size  of  terrestrial  creatures  [3]. 

06.  Creatures  large  and  small  [3].  Our  hero  is  seen  just  below  the  Baluchitherium  (3). 

07.  Of  the  four  basic  forces,  the  strong  and  weak  are  too  short  range  for  our 
considerations.  We  lump  inertia  with  gravity  because  of  Einstein’s  Equivalence  Postulate; 
the  origin  of  inertia  is  xmknown  at  a  fundamental  level.  All  other  ‘forces’  are 
electromagnetic  (EM)  in  origin.  Man’s  everyday  world  is  dominated  by  EM  and 
gravitational  fields.  Reynolds  number:  p  is  the  mass  density^  r\  is  the  viscosity 
coefficient,  and  f  is  a  length  characteristic  of  the  problem.  Froude  number:  g  is  the  local 
acceleration  of  gravity,  ~  9.81  m/s^  and  ^  is  a  length  characteristic  of  the  problem.  It  is 
usual  that  simultaneous  constraints  on  a  problem,  such  as  Re  and  Fr,  cannot  both  be 
completely  satisfied,  and  compromises  must  be  made. 

08.  Reynolds  number  domain  for  certain  creatures  and  man-made  structures  [8].  For 
submarines,  the  Mach  number  is  normalized  to  the  speed  of  sound  in  sea  water,  ~  1,560 
m/s. 


09.  The  Froude  number  can  be  thought  of  as  the  ratio  of  centripetal  to  gravitational  forces 
acting  on  an  inverted  pendulum  [3].  When  Fr  ~  1,  walking  breaks  into  running,  when 
more  leg-time  is  spent  in  the  air. 

10.  Size-independent  dimensionless  groups  in  mammals  [3].  Small  allometric  mass 
exponent  means  ~  independent  of  mass  (aXXoiO(5  =  imlike). 

11.  Total  weight  lifted  (press  +  snatch  +  clean-and-jerk)  vs  body  weight  [3].  This  is  a 
measure  of  maximum  exertion;  the  slope  of  2/3  is  indicative  of  constancy  of  bone  stress, 
i.e.,  is  proportional  to  cross-sectional  area. 

12.  Kleiber’s  Law  [3].  Graphical  illustrations  are  given  in  VuGraphs  13  and  14. 

13.  Mass-specific  metabolic  rate  vs  body  mass  [3].  The  curve  has  the  form  (W/kg)^;^^,  oc 

as  predicted  firom  Kleiber’s  Law.  For  a  75  kg  man,  the  curve  gives  -1.4  W/kg,  and 
105  W.  The  conversion  fi'om  kilocalories  to  joules  is:  1  kilocalorie  =  1  kcal  =  4, 186.8  J. 

14.  Heat  production  vs  body  mass  for  mammals  [3].  The  curve  has  the  form  (MJ/day)  oc 

(W)resting  as  predicted  fi-om  Kleiber’s  Law.  The  metabolic  rate  has  a  slope  of  -  34; 

by  the  principle  of  ‘elastic  similarity,’  this  is  oc  muscle  cross-section,  which  is  oc  force. 
The  intercept  at  75  kg  (man)  gives  -  1 15  watt. 

15.  Energy  Cost  of  Lateral  Locomotion  [2,  3,  15].  VuGraph  16  has  a  slope  of  -  -1/3  for 
terrestrial  animals;  this  is  not  for  running;  for  running,  the  slope  is  *0.40. 

16.  Cost  of  transport  vs  body  mass  [3].  Various  modalities  have  differing  slopes.  These 
are  not  for  racing  speeds;  see  VuGraph  15. 

17.  Where  are  we  now?  Having  observed  some  of  the  physiological  characteristics  of 
man  (and  other  creatiures),  this  question  points  to  comparisons  of  energy  sources 
(including  man),  and  the  prospects  for  transduction  fi-om  one  form  to  another. 

18.  Conversion  Efficiencies.  Adapted  fi-om  Table  V.2,  p.  V.2  of  [7].  We  would  like 
soldier-power  conversion  fi’om  mechanical  to  electrical  to  be  as  efficient  as  possible;  the 
99%  figure  listed  is  for  very  large  commercial  stations. 

19.  Energy  storage  by  batteries  and  elastic  springs  compared.  Also  listed  are  some  SUO 
requirements.  It  is  interesting  to  note  that  if  sleep  is  considered  ‘recharging  one’s 
batteries,’  then  man  as  a  secondary  battery  is  good  for  25k  recharges. 

20.  Rations  [4, 13, 14].  The  values  given  represent  averages  over  an  entire  day  (86,400 
seconds).  A  resting  man  requires  -  1  kcal/(kg-hour)  -  1.16  W/kg.  The  figure  can  be 
twenty  times  this  for  an  athlete  in  action,  or  -  23.3  W/kg;  for  a  mass  of  72.6  kg,  this 
works  out  to  -  1,700  W.  The  caloric  demands  are  stated  without  regard  for  nutritional 
balance.  The  ‘fuel  mix’  is  very  important;  for  example,  if  simply  burned,  then  the  energy 


15“? 


content  (kcal/gm)  of  any  fat  is  ~  9;  alcohol  is  ~  7;  any  sugar  is  ~  4.  It  would  seem  that 
this  should  be  the  order  for  deriving  dietetic  energy,  but  “fat  bums  in  the  flame  of 
carbohydrates;”  (one  needs  carbohydrates  to  metabolize  fats).  Therefore,  one  needs 
carbohydrates  to  bum  fat  energy  into  CO2.  Since  most  people  have  excess  fat  on  the 
body,  if  one  was  forced  to  choose  a  single  substance  for  energy  during  a  mission,  sugar 
would  be  appropriate;  moreover,  the  brain  runs  on  glucose.  Alcohol  represents  false 
calories’  in  the  sense  that  the  efficiency  of  its  energy  transfer  to  ATP  (the  energy  the  body 
uses)  is  low,  and  actually  requires  some  energy  to  turn  into  fat.  [I  am  indebted  to  the 
following  individuals  at  US  Army  Natick  RDEC;  Soldier  Systems  Command;  and 
Research  Institute  of  Environmental  Medicine,  Natick,  MA  for  information  supporting 
this  VuGraph:  Dr.  Irwin  Taub,  Judy  Aylward,  Dr.  Pat  Dunn,  Reed  Hoyt,  and  Maureen 
Abbruzzese.] 

Nutritional  ‘calories’  are  kilocalories;  the  numerical  factor  for  converting 
kilocalories  to  joules  is:  1  kilocalorie  =  1  kcal  =  4,  186.8  J.  A  useful  rale-of-thumb  for 
converting  kcal/day  to  watt  is:  2,000  kcal/day  ~  100  W.  By  comparison,  the  sun  radiates 
~  3.9  •  10^®  W,  so  the  flux  incident  on  the  Earth  is  ~  1.4  •  10^  WW  ;  at  the  surface  it  is  ~ 
1.0  •  10^  W/m^  or  only  about  10  times  the  heat  production  of  a  resting  human  (see  the 
caption  to  VuGraph  37). 

21.  Heckmann  Diagram  [11].  Phenomenological  couplings  between  the  intensive  and 
extensive  variables  of  the  electrical,  mechamcal,  and  thermal  fields.  The  effects  noted  on 
the  diagram  can  be  used  for  soldier-powered  devices;  the  piezoelectric  effect  is 
particularly  apt  because  of  the  direct  conversion  of  mechanical  to  electrical  energy. 

22.  The  32  crystallographic  point  groups;  the  acentric  groups  are  piezoelectric,  with  the 
exception  of  group  432. 

23.  Linear  elastopiezodielectric  constitutive  equations.  These  are  generalized  versions  of 
Hooke’s  Law:  stress  is  proportional  to  strain;  in  the  piezoelectric  case,  one  adds  a  term  to 
represent  the  electric  force.  This  effect  is  apt  for  use  in  soldier-powered  systems  because 
of  the  direct  nature  of  the  transduction  mechanism. 

24.  Piezoelectric  Coupling  Coefficients.  These  are  dimensionless  measures  of  the  efficacy 
of  transduction  of  energy  from  mechanical  to  electrical  or  vice-versa. 

25.  Comparison  of  Ceramic  Actuator  Technologies.  For  some  of  the  newer  materials 

and  configurations  (such  as  functionally  gradient  materials),  piezoelectric  strain  can  be 
substantial. 

26.  Electrical  &  Mechanical  Variables.  In  dealing  with  soldier-generated  power,  the 
quantities  V,  Q,  I,  F,  x,  and  v  must  be  dealt  with;  the  familiar  products,  energy  and 
power,  are  often  quoted  as  specifications.  The  quotients,  elastance  and  impedance,  have 
just  as  often  not  been  adequately  dealt  with.  Just  as  with  Re  and  Fr  (VuGraph  7),  it  is 
usually  not  possible  to  satisfy  both  constraints  simultaneously,  particularly  in  the  time- 
varying  case. 


27.  Matching.  An  example  of  the  impedance/elastance  matching  problem  is  the  fact  that  it 
is  more  tiring  to  split  logs  with  a  small  hatchet  than  with  a  large  ax;  the  hatchet  requires  a 
greater  impact  speed,  and  the  kinetic  energy  that  must  be  given  to  the  arms  results  in  a 
greater  rate  of  fatigue. 

28.  Man  as  Seen  by  ....  The  big  picture,  given  in  earlier  VuGraphs,  starts  with  the 
cosmologist;  the  physiologist  deals  with  the  man  as  a  macroscopic  energy  producer.  The 
atomic  picture  of  the  physicist  and  chemist  is  too  small.  At  the  level  of  the  biologist  . . . 
cells,  the  impedance  and  elastance  levels  are  more  appropriate  to  generation  of  casual 
soldier  power. 

29.  Man-Sized  Units.  Compare  with  VuGraph  3;  the  corresponding  force  levels  are  F  = 

P  /  V  =  10  ’  to  10^  N  (roughly  10  gram  to  10  kg  mass  equivalent).  Impedance  and 
elastance  levels  should  be  commensurate  when  attempting  to  match  between  the  human 
and  a  device,  be  it  piezoelectric  or  any  other  type. 

30.  Volume  vs  number  of  cell  types;  a  75  kg  man  (with  ~  the  density  of  water)  has  a 
volume  of  ~  7.5  •  lO'^cm^  and  ~  10’^  cells. 

31.  Cells.  Cell  size  is  midway  between  man  considered  as  an  individual  and  as  an 
aggregation  of  atoms.  We  are  at  the  analogous  stage  of  development  that  the  transistor 
was  in  1947;  single  transistors,  by  themselves,  are  not  very  useful;  their  utility  comes 
from  aggregation. 

32.  Summary.  This  is  actually  a  summary  of  what  future  developments  might  be  like, 
given  proper  development  of  the  ideas  sketched  here.  One  must  differentiate  between 
‘deliberate’  power  generation,  where,  e.g.,  a  soldier  turns  a  crank  attached  to  an  electric 
generator,  and  ‘casual’  power  generation,  where,  e.g.,  the  clothing,  is  capable  of 
generating  power  when  subjected  to  arbitrary  movements.  These  may  be  walking, 
gesturing,  or  any  movements.  For  this  to  be  possible,  the  material  is  ‘smart,’  and  can 
sense  the  type  of  movement  (how  the  deformation  is  occurring),  can  actively  switch  the 
individual  pixels  in  polarity  and  topology  (series/parallel,  etc.)  to  balance  dynamically  by 
impedance/elastance  changes  in  order  to  accommodate  the  demands  for  energy/power 
storage,  distribution,  and  use.  ‘Active  matrix’  display  panels,  with  a  transistor  at  each 
pixel,  is  indicative  of  what  can  be  done.  With  the  power  requirements  of  mobile  (man- 
portable)  communications  systems  dropping  at  the  dramatic  current  rates  (reminiscent  of 
Moore’s  Law),  it  is  projected  that  the  soldier  may  well  have  his  communications  needs 
met  in  the  future  by  a  steady-state  power  requirement  of  5  watt,  or  less;  this  should  be 
well  within  the  capability  of  a  soldier-powered  configuration  for  power  harvesting. 

33.  References. 

34.  References  (continued). 

35.  References  (continued). 


36.  Appendix  1.  Dimensional  formulas  [3]. 

37.  Appendix  2.  Body  surface  vs  body  mass  [3].  Area  is  oc  (volume)^^  oc  (mass)“  ;  the 
slope  of  the  curve  is  2/3.  For  a  man  of  ~  75  kg,  the  area  is  ~  1.5  m^ ;  if  heat  production  is 
150  watt,  then  the  flux  is  100  W/m^ .  This  is  10%  of  the  incident  heat  flux  from  tiie  sun  at 
the  Earth’s  surface  (see  the  caption  to  VuGraph  20),  and  might  lead  one  to  conclude  that  a 
sizable  portion  of  this  heat  could  be  made  available  for  conversion  to  electric  energy.  One 
problem  with  usage  of  body  heat  is  its  quality,  viz.,  the  spectral  distribution  as  a 
‘blackbody’  radiator  (T  =  37°  C,  versus  ~  5,500°  C  for  the  sun),  another  is  the 
inefficiency  of  conversion  using  transport  phenomena  (conduction);  still  another  is  the 
threat  of  departure  from  homeostasis,  quite  apart  from  psychological  considerations. 

38.  Appendix  3.  Oxygen  consumption  vs  body  mass  [3],  for  guinea  pigs.  The  slope  of - 
2/3  is  oc  lung  area. 
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The  dimensional  formulas  for  several  physical  variables. 
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SYNOPSIS  :  SPRING  POWERED  DEVICES 


The  BayGen®  Group  was  established  in  1 994  to  develop  and  exploit  the  concept  of  Personal 
Power  Generation  (PPG)  and  its  current  products  include  radios  and  a  flashlight.  A  PPG 
system  enables  human  mechanical  energy  to  be  stored  indefinitely  and  without  decay.  It 
delivers  this  energy  in  electrical  form,  upon  demand,  and  in  controllable  fashion.  PPG  units 
may  be  integral  with  the  power  consuming  device,  as  in  the  Freeplay®  radio  and  flashlight,  or 
they  may  be  as  separate  packs  designed  for  emergency  or  every  day  power  sources  for 
devices  like  telephones,  navigating  aids  and  radio/cassette  players.  So  far  BayGen*  has 
confined  its  efforts  to  PPG  systems  where  the  human  input  is  intentional  and  not  incidental. 

Present  Baygen®  products  use  strip  steel  springs  as  the  primary  storage  device.  These 
springs  are  configured  in  a  constant  force  (negator)  arrangement.  The  steel  spring  is 
energised  by  winding  it  from  one  spool  to  another  against  the  pre-form.  As  the  spring  returns 
to  its  original  position  it  applies  a  rotational  torque  to  a  transmission,  whose  output  drives  a 
direct  current  generator.  This  produces  between  0.1w  and  1.5w  of  power.  Constant  force 
springs  offer  excellent  ergonomic  power  absorption  qualities,  they  may  be  wound  up  slowly 
or  very  fast.  Because  electrical  power  is  generated  relatively  slowly  electromechanical  losses 
are  minimized.  All-gear  transmissions  can  be  noisy  in  certain  applications  (e.g.  radio),  and  to 
alleviate  this  a  flexible  drive  may  be  used  in  the  last  stage. 

Only  the  amount  of  work  actually  exerted  by  the  user,  less  an  allowance  for  inefficiencies, 
may  be  redelivered.  PPG  systems  are  therefore  more  limited  by  human  capacity  than  by 
technology.  Input  mechanisms  should  provide  for  the  most  comfortable  and  ergonomically 
efficient  acceptance  of  human  mechanical  energy.  By  extending  the  human  fatigue  point, 
larger  amounts  of  energy  may  be  delivered  to  and  stored  by  the  system.  A  60-tum  spring 
stores  approximately  500  joules  of  mechanical  energy.  Current  systems  have  an  overall 
efficiency  of  approximately  40%  and  about  200  joules  electrical  are  delivered. 

Although  negator  springs  have  constant  force  characteristics  they  do  not  provide  constant 
torque.  Torque  decays  to  about  75%  of  initial  value  during  the  unwind  cycle.  In  order  to 
produce  constant  power  a  regulation  device  is  necessary.  BayGen*  has  developed  and  uses 
various  designs.  These  include  interim  or  buffer  storage  devices  using  a  capacitor  or  a 
rechargeable  battery.  With  suitable  power  regulation,  spring  based  systems  are  able  to 
power  a  wide  range  of  electronic  products. 


BcyGen 


Introduction 


The  Freeplay®  Radio  utilises  personally  generated  power,  and  has  no  need  for  batteries  or  an 
external  power  source.  The  energy  storage  and  release  mechanism  is  based  upon  energising  a 
textured  carbon  steel  spring  by  winding  It  from  one  spool  to  another.  As  the  spring  returns  to  its 
original  position,  it  releases  it's  energy  and  applies  a  rotational  torque  into  a  transmission.  The 
transmission  consists  of  a  three  stage  gearbox,  which  speeds  up  the  Input  rotation  by  a  factor  of 
1:1000,  The  transmission  output  drives  a  direct  current  generator  which  produces  up  to  lOOmW 
of  power.  This  is  used  as  the  energy  for  a  radio  receiver.  The  structural  components  for  the 
Freeplay®  Radio  consist  of  injection  mouldings  made  from  a  number  of  different  materials. 
Other  components  include  the  carbon  steel  spring,  electronics,  PC  board,  switches,  fasteners,  etc. 
The  injection  moulded  components  require  original  tooling. 


Power  Source:  Internal  B-Motor  textured  carbon  steel  spring,  10m  x  50mm  x  0,2mm, 

driving  a  DC  generator  through  a  transmission.  60  Winds 
provides  full  energy  storage. 

Power  Source:  External  Optional  DC  adaptor  (centre  positive)  3V-12VDC/200mA. 

Spring  Saver:  This  circuit  allows  playtimes  of  up  to  60  minutes  at  low  volumes. 

At  low  power  demand,  this  device  stores  generated  energy  not 
required  by  the  radio  in  a  capacitor.  A  control  circuit  regulates 
the  motor/capacitor  duty  cycle  and  results  In  a  lower  unwind 
rate. 

Frequency  Range:  FM  88 -108MHz 

AM  500  -  1700KHZ 

Generator:  Mabuchi  RF-500TB  D.C.  motor  "in  reverse",  producing  35mA,  3V 

at  1500  r.p.m. 

Speaker:  Size  4  inch 

Impedance  8  ohms 

Output  5W  (Max) 

Antenna  Systenr.  FM  Telescopic  Antenna 

AM  Built-in  Ferrite  Bar  Antenna 

Dimensions:  Height  200mm 

Width  200mm 
Length  290mm 
Weight  2,4kg 
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FREEHLAY''  FLASnuVan  I 


The  Freeplay®  flashlight  is  designed  to  be  the  last  flashlight  a  user  ever  needs  to  buy.  It  operates  independent  of 

any  commercial  electricity  source  yet  it  has  the  ability  to  use  such  sources  if  available. 

The  Freeplay®  flashlight  works  by  using  human  energy  stored  in  a  spring  or  by  a  rechargeable  battery. 

SPRING  POWER  OPERATION  • 

•  A  winding  handle  energizes  a  constant  force  spring.  Sixty  turns  of  the  handle,  taking  20-30  seconds,  fully 
energizes  this  spring. 

•  Spring  energy  may  be  used  to  power  the  bulb  directly,  or  to  charge  the  battery.  When  used  to  charge  the  battery 
consecutive  spring  discharge  cycles  may  be  dumped  into  the  battery  to  increase  its  charge  level. 

•  One  spring  discharge  provides  four  minutes  of  shine  time.  Multiple  spring  discharges  into  the  battery  allows 

extended  continuous  shine  times.  % 

•  The  spring  may  be  stored  indefinitely  in  the  wound  condition.  This  allows  instantaneous  flashlight  operation 
whenever  required. 

•  The  flashlight  may  be  operated  directly  off  the  spring  even  when  the  battery  is  flat. 

•  The  spring  lifetime  is  1 0,000  full  wind/discharge  cycles,  after  which  its  storage  capacity  degrades  gradually. 

•  The  spring  is  equipped  with  a  mechanical  brake.  If  the  flashlight  is  switched  off  before  the  spring  is  fully 

discharged  any  wind  still  on  the  spring  is  preserved.  ^ 

BATTERY  OPERATION 

•  The  flashlight  is  equipped  with  a  rechargeable  battery. 

•  The  battery  is  charged  either  by  one  or  more  spring  discharps,  or  by  a  mains  adapter.  Each  spring  discharge 
provides  four  minutes  of  shine  time  and  a  full  mains  charge  gives  two  hours  of  shine  time. 

•  This  high  specification  battery  has  a  lifetime  of  5  - 10  years,  which  may  be  exceeded  if  operating  instructions  are  ^ 

followed.  Should  it  be  necessary  to  replace  the  battery  the  user  easily  does  this. 

•  The  battery  is  recyclable  and  carries  the  RBRC  battery  recycling  licence  and  seal. 


FEATURES 

•  60  Turn  spring. 

•  Hi  impact  ABS  casing  and  rugged  constitution. 

•  Water  resistant  sealing. 

•  Flasher  function. 

•  High  efficiency  2,3V  350mA  bulb. 

•  Spare  bulb. 

•  Patented  HI  GAIN®  lens. 

•  D.C.  input  socket. 

•  Mains  adaptor  (supplied) 

•  Car  adaptor  (optional). 

•  Solar  charger  (optional). 

•  Weight  1.8  kg. 

•  Dimensions  240  x  160  x  120  mm. 


DESIGN  CONFIGURATION 
STANDARD  VERSION 

•  First  production  models  feature  the  flashlight  as  a  single  unit. 

•  The  rechargeable  battery,  PCB  and  switches  are  housed  in  the  body  of  the  flashlight,  and  operation  is  as  per  a 
regular  lantern. 

UPGRADED  VERSION 

•  An  upgraded  version  which  features  a  detachable  lens  assembly  is  scheduled  for  later  production. 

•  The  rechargeable  battery,  PCB  and  switches  are  housed  in  a  detachable  front  unit  which  may  be  removed  from 
the  main  body  containing  the  spring  engine. 

•  This  unit  operates  independently  as  a  mini  flashlight  under  battery  power. 

•  The  battery  compartment  pivots  to  provide  a  handle. 

•  To  charge  the  batteries  from  mains  power  or  by  spring  discharge  the  detachable  unit  is  remounted  onto  the  main 
body. 

•  When  attached,  the  flashlight  operates  similarly  to  the  standard  version  from  either  spring  or  battery  power. 

aoM- 


Freeplay  Flashlig 


a.on 


Free  pi  ay  Flashlight 

Cutaway 


TORQUE  SPOOL  RECHARQEABLE  BATTERY 


Freeplay  Flashlight 

Detachable  Lens  Version 
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RECHARGEABLE  BATTERY 


“PHYSIOLOGICAL  FACTORS  THAT  MAY  LIMIT  AND 
TECHNIQUES  THAT  MAY  ENHANCE  HUMAN 
PERFORMANCE” 

Dr.  Ellen  L.  Glickman-Weiss 

Kent  State  University 
Kent,  OH  44242 


Training  State,  Disease  State 
Frequency,  intensity.  Duration,  Mode 


Clothing 


Acclimation 

Acclimatization 


Altitude 

Heat 

Cold 

+Gz 


Gender 

Age 

Genetic  (Individual  Differences) 
Body  Size  (morphology,  %  Fat) 


Components  of  Daily  Energy  Expenditure 


Components  of  Daily 
Energy  Expenditure 

Resting  Metabolic  Rate 
(-60-75%) 

•  Siot'Ctr/j  met.^bolisrTj 
-  mftlaho'tsm 

•  Arcu^a:  nc-laboHstn 


li  ^ 
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TTien^iic  ERect  ol  PlT,'sical  Activity 
(-15-30%)  . 

•  jn  txr  ipnlior, 

•Initcno 

•  n  5po:1  and  recrealjon 


Tliermic  Effect  of  Feeding 
(-  10%) 

-  Faojltativc  the«rTr>oqr>rt>SBK 


Cardiovascular  Variables 

•  Cardiac  Output  (mLTnin-^) 

-  The  amount  of  blood 
pumped  by  the  heart  per 
minute 

•  Stroke  Volume  (mL) 

-  Quantity  of  blood  ejected 
from  the  heart  with  each 
stroke 

•  Heart  Rate  (beats*min‘^) 

-  Rate  of  pumping 


Cardiac  Output  Distribution 


3.\U 


Cardiovascular  Variables  and  Training 


Rest 

Untrained 

Trained 


5000  mL*nriin-^  70  beats»min-^  71  mL 

5000  mL»niin-^  50  beats»min-^  100  mL 


Maximal  Exercise 

Untrained  22000  mL*mln’‘‘  195  beats«min’^ 
Trained  35000  mL»min*‘’  195  beats^min'"’ 


113  mL 
179  mL 

/@ar 


Stroke  Volume  vs  VOj 


Endurance 

athletes 


College  students 
before  55  days 
training 


College  students 
after  55  days 
training 


an 


Percent  contribution  to  strength  improvement 


Factors  Determining  Muscle  Mass 


a-v02  difference  vs  VO2 


A 

Endurance 

athletes 


College  students 
before  55  days 
training 

• 

College  students 
after  55  days 
training 


Number  of  active 


VO2:  Arm  vs  Leg  Exercise 


Body  Composition  of  Various  Athletes 


aa(o 


Average  %  Body  Fat 


Age  Range 


women 

I  Koidi  Carolina,  1962 
New  York  1962 
ICalifbmia,  1968 
|;Califoniia,  1970 
r;  Air  Force,  1972 
I  New  York,  1973 
|vXortih  Carolina,  1975 
^J.Airny  Recruits,  1986 
i^Massadwsetts,  1996 
llmxngermen 
Miimesota,  1951 
Colorado,  1936 
\  Indiana,  1966 
:  California.  1968 
^  .  Ncvi'York,  1973 
-  Texas,  1977 
f'  Army  Recniits.  1986 
'r  Massachusetts,  1996 


Body  Composition  of  Olympic  Athletes 
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Crossover 

Principle 

Relative  to  Intensity 


aai! 


Methods  of  Heat  Loss  and  Gain 


HEART  RATE  RECTAL  TEMPERATURE 

(b’lTiin"’) 


Water  Balance 

Normal  Temp 

(little  or  no  exercise) 


_ 

?ii3ag!e?Ki:iCTtB£i^asgas^5i^ 


Water  Balance 
Hot  Weather 

(heavy  exercise) 


'•  TRAINED  COLLEGE  STUDENTS 
.•  DISTANCE  RUNNERS 


20  40  60  80  100 


HR  and  Tre 
during 
Exercise  in 
Dry  Heat 
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FINAL  HR  {b  •  min’  •  FINAL  (‘C) 


Goals  of  Aerobic 
Training 


Delivery  of  Oxygen 
Utilization  of  Oxygen 


Training  State,  Disease  State 
Frequency,  Intensity,  Duration,  Mode 


Clothing 


Acclimation 

Acclimatization 


Altitude 

Heat 

Cold 

+Gz 


Gender 

Age 

Genetic  (Individual  Differences) 
Body  Size  (morphology,  %  Fat) 


,33a 


^33 


Pugh  LGC  and  OG 
Edholm  (1955) 


Numerals  indicate 
thickness  of 
subcutaneous  fat  (mm) 


Hong,  SK,  DW  Rennie, 
YS  Park  (1986) 


Diurnal  changes  in  oral 
temperature  of  the  Korean 
diving  women  during 
various  seasons  of  the 
year  in  relation  to  the 
diving  work. 


January 


l^pril 


August 


Novefflber 


7  8  9 
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PHYSIOLOGICAL  AND  THERMAL 
RESPONSES  OF  MALES  WITH  VARYING 
BODY  COMPOSITION  DURING  IMMERSION 
IN  MODERATELY  COLD  WATER 


E  Giickman-Weiss,  FL  Goss,  RJ  Robertson, 
KF  Metz,  DA  Cassinelli 


Aviat  Sp  Environ  Med  (1991)  92:1063-7 


Subject  Characteristics 


Low  Fat  (n  =  12) 

High  Fat  (n  =  12) 

Variable 

5?  (2:S.D.) 

X  (±S.D.) 

Percent  Fat 

Sum  of  Skinfolds  (mm)"* 
Weight  (kg) 

Height  (cm) 

Age  (year) 

Surface  Area:  Mass  Ratio 
(cm*  •  kg”’  ■  100) 

10.29(1.44) 

77.24  (20.85) 
80.69  (12.04) 
181.03  (6.85) 

24.75  (4.07) 

2.01  (0.17) 

19.79(2.14) 
131.06(40-23) 
84.90  (15.02) 
177.48  (7.43) 

30.00  (5.22) 

2.02  (0.20) 

•  Sum  of  skinfolds  include:  chin,  subscapula,  chest,  suprailium,  tri¬ 
ceps,  thigh,  biceps,  forearm,  knee,  side  and  calf. 

335' 


TABLE  II.  BODY  COMPOSITION  AND  DISTRIBUTION 
ACROSS  EXPERIMENTAL  CONDITIONS  OF  SUBJECTS 
COMPLETING  90  MIN  OF  COLD  WATER  IMMERSION. 


Water  Temperature 

18X 

22*C 

26‘’C 

Low  Fat 
(n  =  12) 

X  =  11.51 

=  9.53 

X  ^  9.83 

S.D.  *  1.08 

S.D.  =  1.25 

S.D.  »  1.44 

n  =  4 

n  *  4 

n  *  4 

High  Fat 
(n  =  12) 

X  *  18.18 

X  =  19.72 

X  =  21.48 

S.D.  -  0.69 

S.D.  =  2.55 

S.D.  *  1.60 

n  =  4 

n  =  4 

n  =  4 

TABLE  III.  MEANS  AND  STANDARD  DEVIATIONS  FOR 
TABl-t  '^^GTAL  TEMPERATURE  CC). 


Temperature  (®C) 
Immersion  time  (min) 


18"C 

0* 

5 

15 

30 

45 

60 

75 

90 


Low  Fat 


Mean 


iS.D, 


Mean 


High  Fat 
n  :tS.D. 


Time  (minutes) 


f  is*  2*  Oxysen  consumption  durins  ^  oh 

*p  <  0.05.  clr«l«»  tO)  =  low  fat?  closed  circles  (•)  » 

fat  iiMfividuats. 


<231 


0  IS  30  45  60  75  90  105 


g,  Time  (minutes) 

K 

O 

Fla.  3.  Oxygen  consumption  during  immersion  in  18"C 
*p  <  0.0$.  Open  circles  (O)  =  low  fot;  closed  circles  (•)  =»  "‘a" 
lot  IncflvlduoU. 


Conclusion 

•  The  fixed  resistor  to  heat  exchange  (i.e.,  body 
fat)  plays  an  important  role  in  the 
thermoregulatory  and  aerobic  metabolic 
responses  to  protracted  resting  cold  water 
immersion. 

•  Although  at  a  marked  disadvantage,  given  the 
smaller  resistive  component  to  heat  exchange, 
the  LF  (low  fat)  group  was  able  to  maintain  Tre 
when  compared  to  the  HF  (high  fat)  group,  due, 
in  part,  to  a  significantly  greater  aerobic  heat 
production  through  shivering  thermogenesis. 


<33^ 


Human  Powered  Systems 
The  Daedalus  Project 

Mythical  Greek  inventor:  constructed  wings  of  wax/feathers, 
hew  from  imprisonment  on  Crete  3500  years  ago 

Route  119  km 

3x  human-powered 
flight  of  35  km 
(1979  English  Channel) 


Nadel,  ER  and  Bussolari,  SR. 
American  Scientist,  1988. 


The  Daedalus  Project 
Question 

V02max  requirement  to  perform  4-6  hours 

of  flight? 

Metabolic  cost  to  the  pilot  of  maintaining 
the  constant  mechanical  power? 


Answer 

69.9  ml02*kg’^*mln-^ 


The  Daedalus  Project  (Endurance  Test) 


The  Daedalus  Project  (Endurance  Test) 

The  results  of  a  4  hour  endurance  test 
indicated  that  the  Daedalus  flight  was 
physiologically  possible 

1 1  Athletes  at  70%  V02max 

im 


The  Daedalus  Project  (Daedalus  Drink) 

(1L/hr) 


Maintain  Tre 
Sufficient 

-  carbohydrates 

-  eiectroiytes 

-  giucose 
-sodium 

Totai  Body  Water 


The  Daedalus  Project 
(Effectiveness  of  Daedalus  Drink) 


The  Daedalus  Project  Postscript 

23  April  1988,  the  Daedalus  lifted  off 

4  hours  and  119  km  later  Daedalus  made  a 
water  landing  into  a  12  knot  headwind 

Pilot  Kanellos  Kanellopoulous 

-  Consumed  4  L  energy  electrolyte 

-  HR  <  142  bpm 

-  No  indication  of  impending  fatigue 


E.  Glickman-Weiss,  PhD,  FACSM 

Exercise  Sciences 
Laboratory 

Kent  State  University 

November  2,  1997 
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TECHNOLOGY  SESSION  1 


“ELECTROSTATIC  INTEGRATED  FORCE  ARRAYS” 

Dr.  Scott  H.  Goodwin-Johansson 


MCNC 

Research  Triangle  Park,  NC  27709 


INTEGRATED  FORCE  ARRAYS 


Integrated  Force  Arrays 


Scott  Goodwin-Johansson 


A 

MCNC 


ELECTRONIC  TECHNOLOGIES  DIVISION 


INTEGRATED  FORCE  ARRAYS 


IFA  Operation 


IFA  Operation 


- N  Cells - > 


M  Cells 


Voltage  Applied 
Force  Array 


Total  Force  =  N  X  Cell  Force 
Total  Displacement  =  M  X  Cell  Displacement 

Force  of  Individual  Cell  is  Independent 

of  Size 

MCIMC 


If 


INTEGRATED  FORCE  ARRAYS 


IFA  Structure 


MCNC 


am 


INTEGRATED  FORCE  ARRAYS 


IFA  Fabrication 

Embedded  Hard  Mask 


a) 


Silicon- 


Resist  Level  1 


Thermal  Oxide- 


Polyimide 
Sacrificial  Layer 
Substrate 


b) 


PECVD  Oxide 


Remove  Resist  1 
Deposit  Polyimide 
Deposit  PECVD  Oxide 


Resist  Level  2 
Sacrificial  Layer 


Pattern  PECVD  Oxide 


/  /  /  / 


c) 


RIE  Polyimide 
Evaporate  Metal 


Metal  Evaporation 
angle 

28* 


d) 

HP  Liftoff 
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MCNC 
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INTEGRATED  FORCE  ARRAYS 


IFA  Structure 


Dual  Surface 
Hard  Mask 


CE21 _ 

3/ 15^95 


c,>  -'5:' 


Embedded 
Hard  Mask 


A 

MCNC 
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IFA  Characteristics 


•  Artificial  muscie 

•  Light-weight,  fiexible, 
eiectrostatic  actuator 

•  Low  Power 

•  Large  dispiacements 

-  20%  contraction  of  actuator  length 

•  Large  forces 

-  Measured  work/volume  >15  ergs/mm^ 

•  High  speed 

-  >20,000  contractions  per  second 

•  Reiiabie 

-  Measured  lifetimes  >10°  contractions 


MCIMC 


3  5^0 


Force  (dynes) 


INTEGRATED  FORCE  ARRAYS 


Measured  Force 

Theoretical  curves  and  measured  data  points 
as  a  function  of  the  applied  voltage 


•  / 


Measured 


Displacement  (microns) 

Measured  data  in  10V  increments  beginning  at  20V 


A 

MCNC 


ELECTRONIC  TECHNOLOGIES  DIVISION 


IFA  Applications 


•  Small,  fast  actuators 

-  Positioning  of  magnetic  disk  drive  read 
heads 

-  Optical  shutters 

•  Mechanical  actuation 

-  Replace  electromagnetic  solenoids  with 
5%  the  volume  and  0.6%  the  mass 

-  Robotics 

•  Biomechanics  and  biomedical 
devices 

~  Prosthetic  devices 

-  Catheter  steering 

•  Sensors 

•  Power  generation 


VA 

MCNC 
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IFA  Power  Generation 


•  Convert  mechanical  work  into 
electrical  energy 


•  Operate  in  an  energy  cycle 

•  218cm®  IFA  generates  1W 

-  1  Hz  cycle 

-  Maximum  voltage  100V 

-  1.7iim  plate  pitch 

-  50%  efficiency 


V-A 

MCNC 


ELECTRONIC  TECHNOLOGIES  DIVISION 


aS3 


I  FA  Power  Cycle 


1/2CV2  Mechanical  in 


V 


'^A 

MCNC 


ELECTRONIC  TECHNOLOGIES  DIVISION 
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Outstanding  Issues 


•  Verify  operation 

•  Optimize  structure 

•  Fabrication  of  iarger  structures 

•  Low  cost  fabrication  methods 


MCNC 


ELECTRONIC  TECHNOLOGIES  DIVISION 


INTEGRATED  FORCE  ARRAYS 


Conclusions 


The  concept  of  the  IFA  has  been 
experimentally  verified 

IFAs  are  low  power,  low  weight, 
flexible  actuators 

Good  measured  actuator 
performance  characteristics 

IFA  can  be  operated  to  convert 
mechanical  work  into  electrical 
energy 


ELECTRONIC  TECHNOLOGIES  DIVISION 
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“ENERGY  CONSERVATION  AND  ALTERNATIVE  ENERGY 
SOURCES  FOR  WEARABLE  ELECTRONICS” 

Dr.  Daniel  P.  Siewiorek 

Carnegie  Mellon  University 
Pittsburgh,  PA  15213-3890 
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Conservation  vs  Generation 
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Time  Rate  of  Change  of  Energy 
Consumption 
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Conservation  Techniques 
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Impact  of  Power  Management  on 
Wearable  Computers 
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Power  Consumption  Profile  for  VuMan2 
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Vu  Man  2  Power  Consumption 


On  Demand  Continuous 
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On  Demand  Electro/Mechaiiical 
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“ENERGY  STORAGE/CONVERSION  MATERIALS” 

Dr.  Ralph  Zee 

Materials  Research  and  Education  Center 
Auburn  University,  AL  36849 
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Power  Generation  based  on  Piezoelectricity 
Ralph  Zee 

Materials  Research  and  Education  Center 
Auburn  University,  AL  36840 

(334)844-3320,  Fax:  (334)844-3400,  Email:  rzee@eng.aubum.edu 

Summary 

There  are  different  means  to  conversion  mechanical  energy  from  human  motion 
into  electrical  energy.  A  significant  amount  of  energy  is  dissipated  by  the  walking  (and 
running)  motion  of  a  person.  Early  development  of  ^s  type  of  materials  concentrated  on 
ceramic  materials  such  as  PZT  (lead  zirconate  titanate)  and  BaTi03.  The  use  of 
piezoelectric  materials  has  significant  increased  in  the  advent  of  piezoelectric  polymers, 
such  as  polyvinylidene  fluoride  (PVDF)  in  1969.  The  flexibility,  ductility,  low  cost  and 
high  conversion  efficiency  of  these  polymers  compared  to  traditional  piezoelectric 
ceramics  have  greatly  enhanced  the  commercial  applications  of  this  class  of  materials. 
Numerous  compames  have  been  formed  dedicated  to  the  promotion,  development  and 
sales  of  these  materials  (such  as  AMP  Inc.).  Much  of  the  effort  has  been  devoted  to  the 
use  of  piezoelectric  materials  as  sensors  and  transducers  and  even  actuators.  For 
example,  devices  based  on  PVDF  have  been  developed  as  frequency  counter,  impact 
monitor,  contactless  keyboards,  echo  pulse  sensors,  sheet  speakers,  wear  indicators,  just 
to  name  a  few. 

The  area  of  piezoelectric  materials  that  has  not  been  extensively  explored  is  the 
generation  of  electrical  energy  from  mechanical  deformation  of  the  piezoelectric  process. 
In  recent  years,  athletic  shoe  companies  have  incorporated  piezoelectric  filmg  in  Ae  sole 
to  convert  mechanical  energy  into  electricity  to  activate  warning  lights  for  night  joggers. 
Medical  researchers  have  attempted  to  use  PVDF  to  generate  power  inside  the  body. 
PVDF  has  also  been  used  as  actuator  switches  using  electricity  generated  by  mechanical 
motion. 

Content  of  the  presentation  will  concentrate  on  the  following  topics: 

(1)  History  and  basic  concept  of  the  piezoelectric  effect  and  piezoelectric  materials, 

(2)  the  governing  equations  for  power  generation  using  such  a  material, 

(3)  Feasibility,  limitation  of  this  conversion  process  and  issues  to  be  addressed. 


I 


• 

I  cv. 

-s 

o  oQ 

N  « 

S  0^ 

W)  ^ 

.S  ^ 

05  ^ 

P  a 

^  § 
•2  tL 

{/3  ^ 

u 

> 

s 

o 

U 

&D 

9m 

C 


^15 

T3 

(D 


(D 

(U 

N 

4:3 

pci 


02 

a 


S3 


S3 

I 

bb 

a 


(U 

(D 

a 


(N 

m 


<  CO 

00 


CO 

CO 


am 


Presented  at  the  Prospector  IX  Workshop,  Durham,  NC 
November  3,  1997 


What  is  piezoelectricity? 
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Sensors!!!! 


Pros  and  Cons  of  Polymeric  Piezoelectric  Films 


Sim 


Attempts  to  produce  electricity  from  this  stuff? 
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Two  modes  of  operation  for  power  conversion:  Power 
generated  in  the  thickness  direction  with  stress  applied  in  the 


First  Mode  of  Operation:  33  mode 
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Electrostrictive  Polymer  Artificial  Muscle 
Applications:  Projects  and  Potential 
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Mr.  Anthony  P.  Wagner 

NASA  Johnson  Space  Center 
Houston,  TX  77058 


_ _ _ _ _  _  Johnson  Space  Center  -  Houston,  Texas 
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Protection  from  small  unpredictable  micro  storms  provided  by  suit 
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•  No  Venting  Constraints 

•  Radiate  /  Convect  for  Heat  Rejection 
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Display  and  Controls  to 

•  Biomedical  Display  to  Crewperson  in  Suit 

•  Automatic  Thermal  Control  with  Manual  Set  Point  Adjust 

•  Integrated  IR  &  UV  visual  view  reproduction  for  day/night 
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Minimize  Loss  of  Hydrogen  Resource 
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Could  also  use  substantial  spacesuit  boot  surface  for  piezoelectric  pow^ 
(1/3  g  will  reduce  output  power  capability) 


Johnson  Space  Center  •  Houston,  Texas 
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Integrated  Power  Management  for  Microsystems 

Presented  at  the  Prospector  DC  Workshop 
November  3-5, 1997 

Dwayne  N.  Fry 
Alan  L.  Wintenberg 
Bill  L.  Bryan 

Instrumentation  &  Controls  Division 
Oak  Ridge  National  Laboratory 
P.  O,  Box  2008 
Oak  Ridge,  TN  37831-6009 
Telephone:  (423)  574-5565 
e-mail;  frydn@oml.gov 


There  is  a  need  for  a  universal  power  module  for  microsystems.  This  module  should  provide 
power  conditioning,  energy  storage,  and  load  matching  for  a  variety  of  energy  sources  and  loads 
such  as  microelectromechanical  systems  (MEMS)  and  wireless  sensors  and  micro-robots.  There 
are  a  variety  of  potential  ambient  and  human  powered  energy  sources,  which  can  supply  some  of 
the  power  needs  of  the  military.  The  challenge  is  to  capture  these  available  sources  of  electrical 
energy  and  condition  them  to  meet  the  voltage,  current,  and  overall  power  demands  of  field- 
deployable  microelectronics  and  MEMS-based  devices  such  as  wireless  sensors  and  micro¬ 
robots.  Most  natural  and  man-made  energy  sources  found  in  the  environment  have  a  low  specific 
power  and  are  not  generally  available  on  a  continuous  basis.  Likewise,  human-based  energy 
sources  must  be  optimally  managed  to  meet  the  power  needs  in  the  field.  Therefore,  a  power 
supply  must  have  the  ability  to  capture  the  available  energy  and  store  it  in  such  a  manner  to  be 
useful  to  meet  the  mission  requirements  of  the  device  that  is  connected  to  the  source.  It  must 
continuously  monitor  the  status  of  energy  stored  and  determine  the  expected  demands  of  the 
device.  A  microelectronics-based  power  management  chip  can  be  developed  to  meet  these 
objectives. 

The  major  challenge  in  realizing  this  concept  will  be  the  design  of  an  intelligent  power¬ 
conditioning  chip  that  consumes  a  minimum  of  power  to  perform  the  functions  of  power 
conditioning,  storage,  load  matching,  and  status  monitoring. 

For  a  versatile  chip  design  that  can  use  a  variety  of  energy  sources,  it  is  important  to  not 
constrain  the  energy  source  characteristics  unduly.  One  suggested  approach  assumes  only  that 
the  source  is  capable  of  delivering  charge  to  a  small  capacitive  load.  This  would  be  true  for 
photovoltaic,  piezoelectric,  rotary  or  linear  electric  generators,  thermoelectric  and  many  other 
sources.  As  shown  in  Fig.  1,  the  resulting  source  voltages  are  monitored,  and  when  a  sufficient 
value  is  present,  the  power  converter  will  multiply  the  voltage  up  to  the  storage  supply  voltage 


and  transfer  it  to  storage.  The  storage  element  may  be  an  ultracapacitor  or  rechargeable  battery. 
Power  would  be  delivered  to  the  load  through  another  switched  capacitor  circuit.  This  would 
allow  metering  of  the  power  delivered  to  the  load  and,  if  needed,  a  voltage  transformation.  The 
metering  function  could  also  be  used  to  help  keep  track  of  the  amount  of  energy  remaining  in  the 
storage  element.  A  reserve  energy  storage  element  would  be  used  to  maintain  power  for  the 
intelligent  power  controller,  which  is  responsible  for  administering  power  transfers  and  for 
monitoring  the  demand  signal  from  the  load.  It  is  anticipated  that  the  load  may  require  some 
very  low  level  of  power  continuously  (for  a  wake-up  circuit,  for  preventing  loss  of  memory,  etc.), 
so  an  unswitched  low-power  output  is  provided.  When  the  demand  signal  from  the  load  signals  a 
request  for  significant  power,  the  intelligent  power  controller  replies  using  the  power  status 
signal.  If  sufficient  power  is  available  in  the  storage  element,  then  the  power  status  sipal  is  true 
and  power  is  transferred  to  the  load  until  the  demand  ceases.  Another  function  of  the  intelligent 
power  controller  is  to  recharge  the  reserve  energy  storage  element  periodically. 


Fig.  1.  Concept  of  power  conditioning  chip 


The  power  conditioning  integrated  circuit  (IC)  would  be  implemented  using  CMOS  technology. 
Integrated  circuits  fabricated  using  standard  CMOS  processes  offer  a  number  of  features  well 
suited  to  this  application:  digital  circuits  that  require  essentially  no  static  power,  low-power 
analog  circuits,  and  good  switches  that  are  necessary  for  switched  capacitor  circuits.  It  should  be 
possible  to  implement  the  entire  circuit  using  a  single  IC  with  a  very  limited  number  of  external 
components  (such  as  capacitors  too  large  to  implement  on  the  IC,  i.e.,  those  greater  than  a  few 
tens  of  pF.)  A  prototype  device  would  be  made  using  a  1 .2  or  0.8  micron  process  that  would 
allow  5-V  operation.  This  choice  should  not  be  restrictive  as  the  same  circuit  could  be  converted 
to  other  CMOS  processes.  Processes  of  0.5  micron  or  smaller  would  allow  a  greater  density  of 
logic  for  a  given  die  size,  but  would  be  limited  to  3.3- V  operation.  To  deliver  greater  voltages  to 
the  load,  a  3-micron  process  could  be  used  which  would  dlow  approximately  20-V  operation,  or 
external  components  could  be  added  to  implement  a  boost  dc-dc  converter. 

The  prototype  power  conditioning  IC  would  be  capable  of  delivering  a  peak  power  of 
100  mW  at  5  V.  The  nominal  operating  condition  would  be  a  very  low  duty  cycle  for  a  relatively 
high  power  load,  and  a  low-power  source  available  for  long  periods  of  time,  or  a  moderate-pbwer 
source  available  intermittently.  An  example  would  be  a  wireless  sensor  and  transmitter  requiring 
100  mW  for  10  ms  every  10  minutes  and  a  source  delivering  perhaps  five  microwatts 
continuously.  However,  the  device  should  also  be  capable  of  delivering  approximately  100  mW 
continuously  if  sufficient  power  is  available  from  the  sources.  Scaling  for  higher  power  outputs 
would  be  addressed  by  including  features  that  would  allow  using  multiple  devices  in  parallel,  or 
by  resizing  power  sections  of  the  IC  to  allow  greater  power  input  and  output  levels. 
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Universal  Power  Module  Will  Condition 
Variety  of  Energy  Sources  and  Match  to 

Variety  of  Loads 
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Concept  of  An  Integrated  Intelligent  Micropower  Supply 
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Concept  of  Power  Conditioning  Chip 
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The  Universal  Module  Performs 

Several  Functions 
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Reserve  energy  supplies  power  to  intelligent  controller 


The  Power  Module  Could  be  Implemented 
Chip  Using  CMOS  Technology 
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“SEIKO  HUMAN  POWERED  QUARTZ  WATCH” 

OVERVIEW 

Mr.  Masakatsu  Saka 

Epson  Research  and  Develpment  Inc. 

San  Jose,  CA  95134 


DETAILS  OF  THE  DEVICE 

Mr.  Kinya  Matsuzawa 

Seiko  Epson  Corporation 
Nagano-ken,  392  Japan 


APPLICATIONS  OF  AGS 

Mr.  Kinya  Matsuzawa 

Seiko  Epson  Corporation 
Nagano-ken,  392  Japan 
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Kinetic  Generator  Sys 
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Kinya  Matsuzawa 


Seiko’s  Automatic  Generating 
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Further  application  of  AGS 


Background  of  Seiko  watch 
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1988  The  first  kinetic  energy  watch  in  the  world 

(AGS) 


Ratio 


1.0 


0.8 


0.6 
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The  world’s  first  quartz  watch,  ASTRON 


First  lot  of  mass  production 
of  quartz  watches 


World’s  first  quartz  dress  watch 


Standard  quartz  watches 


1970  72  74 


76  78  80  82  84  86  88  90 

Year 


Trend  in  electrical  current  consumption 
(Seiko  Epson  data) 
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Concept  of  AGS 
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Rectifying  induced  current  and  Storing  it  in 
a  source 


Secondary  power  supply 


Motor  coil 


Gear  train  mechanism 
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Generator  coil 


Oscillating  weight 


AGS  appearance 


Oscillating  weight 


Gear  train 

Rotor 

Stator 


Coil 


AGS  outline  diagram 
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The  feature  of  Seiko’s  AGS 
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Satellire 


Ratio 


The  world’s  first  quartz  watch,  ASTRON 

\  First  lot  of  mass  production 
of  quartz  watches 


World’s  first  quartz  dress  watch 


Standard  quartz  watches 


1970  72  74  76  78  80  82  84  86  88  90 

Year 


Trend  in  electrical  current  consumption 
(  Seiko  Epson  data) 
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Oscillating  weight 


AGS  outline  diagram 
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Movement  Specifications 


Type 

5M 

3M 

4M 

Outer  diameter 
(mm) 

0  27.0 

0  23.3 

0  25.  6 

Thickness 

(mm) 

4.3 

4.2 

2.7 

Volume 

(mm^) 

2. 57  X 10^ 

1.90X10’ 

1.48X10’ 

Rotor  magnet 

Sm2Col7 

< - 

< - 

Oscillating 

weight 

Heavy  metal 
(tungsten) 

The  number  of 

coil  turns 

3700 

3900 

3600 

Accelerating 

ratio 

94.6 

93.9 

95.2 

3T4 


Oscillating 

^weight 


Oscillating 
weight  gear 

Transmission  gear 


Rotor 


Oblique  view 


d  t 


e  :  Inductive-emf 
N :  The  number  of  coil  turns 
^  :  Flux 

_ t  :  Time _ 

N :  3500-4000  Turns 

(j)  :  Rare  earth  magnet  (SrmCon) 

Accelerating  ratio  :  90-100  Times 

Inductive-emf 

3nL> 


Oscillating  weight 


Rectifier  diode 


Generated  charge  measurement 
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Generated  charge  ( m  C) 


External  power  supply  voltage  V) 


Generated  charge 
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Voltage (V) 


Primary  battery  voltage 


Comparision  of  power  supply  voltage 


Large  water  tank 

Small  water  tank 


Boosting  drive  system 
outline  diagram 
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Major  characteristics  of  probe 

Mechanical  Characteristics 
Shape; 

Dimension; 

Weight; 

Power  ^stem 

Generating  power; 

Power  generator; 

Telemetry  system 

Uplink  frequency; 

Uplink  modulation; 

Sensor  system 

GPS  receiver; 

Geomagnetic  field  sensorCFlux  gate  type), 
Water  pressure  sensor; 

Thermometer; 

Acoustic  sensor; 


Football  shape 
Long  axis**”*30  cm 
Short  axis"'*15  cm 
10  kg 

2W 

Kinetic  power  generator 


UHF 

1200  bps  Manchester- cod ^M 


Harpoon 


AGS  application 
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Deplqvable  MAST 
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“OVERVIEW  OF  DEVELOPMENTS  IN  SOUTH  AFRICA” 


(UNAVAILABLE) 
Mr.  Etienne  Rijkheer 
SYZYGY 

Capetown,  South  Africa 
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“TECHNOLOGICAL  CHALLENGES  FOR  HUMAN 
POWERED  SYSTEMS” 

Mr.  J.  Eric  Tkaczyk 

General  Electric  Corporate  Research  and  Development 
Schenectady,  New  York 
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Technological  Challenges  for 
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vancing  the  state  o 


Human  Powered  Systems; 

Mechanjcal  M  Variable  11  hiectric 
Input  Means  M  Transmission  l~i  Generation 
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vanaoie  rrequency  ana  auty  cycle 
diverse  load  requirements 
adverse  environmental  conditions 
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Generator  Construction  Tradeoffs 
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TYPICAL  MAGNETIC  PROPERTIES 

OF  COMMON  PM  MATERIALS 


Br  (kGauss) 


FULLY  DENSE 
NdFeB 
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Bonded  Magnet  Technology: 

Integration  of  Magnet  and  Gear  Elements  WIDiA 


3^4 


David  Howe,  University  Sheffield,  England 


Case  Study  -  Micro-Generator  for  ’Smart  Diskette’ 


A  permanent  magnet  generator  had  to  be  designed  to  fit  within  an  overall 
space  envelope  of  70mmx34mmx3.3mm  and  be  capable  of  supplying  a 
min.  current  of  20mA  at  5Vdc. 


Generator  Topology 


-  The  preferred  topology  is  a 
2-phase  machine  with  a  32-pole 
axially  magnetised  sintered  NdFeB 
magnet  and  cobalt  steel  laminations 

-  The  magnet  flux  is  focused  to  two 
concentrated  coils. 


lower 


Rectification/Smoothing  Circuit 


Jdc 


EA-Epksm(a>t) 
£3  »  Epk  sin  ( to/  + 


-  Of  the  various  possibilities  a  series 
connection  of  the  rectified  and 
smoothed  outputs  is  the  most 
efficient. 


Design  Optimisation 

Coil  flux  •  1.7e-05  Wb 
Coil  permeance  -  4€-07  Wb  A 
CoilOD  *  0.019  m 
Coil  ID  »  0.006  m 

Coil  thicknes  *  0.0022  m 


-  An  optimum  combination  of 
number  of  turns/coil  and  smoothing 
capacitance  enables  max.  current  to 
be  drawn  before  output  voltage  falls 
below  SVdc. 
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Maximum  load  oirren  for  5  V  output  (ciA) 


-  Optimum  values  are  established 
by  system  simulation  and 
determining  max.  current  capability 
for  different  combinations  of  number 
of  turns  and  capacitance. 


Howe,  University  Sheffield,  England 


•  Computer-Aided  Design 

Electrical  drive  systems  are  a  multi-disciplinary  technology,  with  each  of 
the  component  disciplines  developing  rapidly.  These  are  creating 
significant  opportunities  for  meeting  the  market  demand  for  drive  systems 
with  higher  performance,  improved  energyefficiency  and  better  reliability. 
CAD  is  also  playing  a  vital  role  since  it  allows  the  merits  of  alternative 
drive  formats  to  be  assessed  on  an  application-by-application  basis,  and 
maximum  leverage  to  be  extracted  from  any  grade  of  perimanent  magnet. 
It  also  permits  an  integrated  design  approach,  and  optimisation  at  the 
system  level. 


CAD  can  cater  for  a  wide  variety  of  motor/actuator  configurations  as  well 
as  the  systems  by  which  they  are  controlled. 


Advanced  CAD  facilities  enable  the  feasibility  of  new  product  concepts 
to  be  assessed  with  confidence. 
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Eisstornsric  R€9@ri6r3tiv6 
Braking  Systems 

L.  O.  Hoppie 

Corporate  Research  Dept 
Eaton  Engineering  and  Research  Center 
Southfield,  Ml 


abstract 


,  A  theoretical  and  experimental  investi¬ 
gation  into  the  use  of  elastomers  as  the 
energy  storage  element  of  a  regenerative 
braking  system  for  urban  vehicles  is  being 
carried  out.  This  work  has  included  the 
design  and  fabrication  of  full-scale  elasto¬ 
meric  energy  storage  units  which  were  tested 
to  investigate  energy  density,  efficiency  and 
stress-relaxation.  a  complete  small-scale 
system  which  simulates  a  vehicle  was  tested 
during  transient  speed  conditions,  and  a  con- 
pie  te  full-scale  system  to  be  laboratory 
tested  is  under  construction. 


THE  PRICE  INCREASE  OP  PETROLEUM- BASED  fuel  in 
the  past  few  years  has  given  rise  to  various 
research  and  development  efforts  for  energy 
conservation.  An  example  of  such  efforts  is 
aimed  at  regenerative  braking  systems  for 
land  vehicles.  With  such  a ‘system,  kinetic 

energy  is  converted  t< 
stored  as  the  vehicle 
energy  is  subsequently 
kinetic  energy  when  the 
Because  a  part  of  the  ei 
pated  as  heat  in  the  br 
accelerate  the  vehicle, 
energy  required  to  prc 
reduced. 

The  prime  energy  o 

system  depends  on  the  d 

efficiency  of  the  system 
a  highway  truck  typical 
hundred  miles  between  5  .  . 

little  savings  even  if 
oraking  system  were  avai 
hand,  studies  of  typica 
Federal  Urban  Driving  C 


•Numbers  in  parentheses  c 
at  end  of  paper. 


that  more  than  one-third  of  the  energy  suo- 
plied  to  the  driveline  is  ultimately^ dissH 
^ted  in  the  brakes.  if  an  ideal  regenera- 

perunit^t7  available,  the  range 

per  unit  of  energy  measured  at  the  driveline 

.u.  - 

ments  ate  possible.  Consequently,  applica¬ 
tions  such  as  city  buses,  delivery  vans  and 
ubways  are  particularly  attractive  for 
regenerative  braking  systems. 

In  order  for  a  regenerative  brakinq 
system  to  be  cost-effective,  the  prime  energj 
saved  over  a  specified  lifetime  must  offse? 
the  initial  cost,  size  and  weight  penalties 
f  the  system.  Consequently,  the  energy 
storage  unit  must  be  compact,  durable  aS 
capable  of  handling  high  powr  levels  effi¬ 
ciently,  and  any  auxiliary  energy  transfer  or 
energy  conversion  equipment  must  be  effici¬ 
ent,  compact,  and  of  reasonable  cost. 

A  regenerative  braking  system  based  on 
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Secondary  Battery  Comparisons: 


DISCHARGE  TIME  TO  END-OF-LIFE 

Normalized  Cell  Discharpe  Voltages 


•400 


‘(■Her  disdtarge  to  0  volts  and  20  day  stand) 


Recharge 

2-way  radio 

on  your 

coffee 

break! 


batteries 


Two-way  radio  batteries  used  to  take 
16  hours  to  recharge.  And  they  burned 
out  before  the  warranty  expired.  No 
more.  ACT's  Ultra-Rapid™  two-way  radio 
battery  charger  delivers  the  fastest 
charge  anywhere — down  to  an  incredi¬ 
ble  20  minutes.  And  it  pumps  up  battery 
usable  capacity.  Plus,  ACT's  charger 
conditions  batteries  while  charging  and 
delivers  full  capacity  with  every  charge. 

Get  ultra  performance  for  your  two-way 
radio  batteries.  Call  770.582.0001  today. 


‘'We  got  vast 
improvement  in 
battery  life 
and  increased 
usable  capacity... 

It  also  shortened 
full  charges  from 
16  hours  to  just 
under  20  minutes.” 

—  Mike  A.  Valencia 
DOD 

(using  Motorola  Radius) 


The  blue  box  that  makes  batteries  better. 
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Setting  The 
Global  Standard  For 
Battery  Charging 


The  Advanced  Charger  Technology  (ACT)  process  works  with  the  natural 
chemical  processes  within  the  battery  to  aliow  the  battery  to  be  charged  at 
a  maximum  efficiency.  This  charging  technology  is  universally  effective  on 
batteries  of  every  major  chemistry  in  wide  use  today. 


Delivery  Platforms  Available 

•  Hardware  Design,  Mfg.  and  Delivery 

•  Circuit  Board  Level  Components 

•  Pre-Programmed  Chips 

•  Software 


Technology  Features 

•  High  Efficiency  Charge 

•  Minimum  Battery  Heating 

•  Small  Electrode  Crystal  Structure 

•  Minimum  Battery  Gassing 

•  Advanced,  Precise  Termination 


Products  Available 

.  Ultra-Rapid™  Two-Way  Radio  Charger 


Technology  Benefits 

•  Prolongs  Battery  Life 
.  Ultra-Rapid™  Charge 

•  Less  Energy  Usage 

•  Eliminates  Memory  Effect 

•  Higher  Asset  Utilization 

•  Environmentally  Friendly 


The  ACT  Operating  System  will  provide  battery  dependent  industries  with  a 
competitive  advantage  which  wili  enable  their  battery  powered  devices  to 
charge  faster,  last  longer,  and  perform  in  a  consistent  and  reliable  fashion. 


Three  Patents  Granted  Six  Patents  Filed 


THE 


0197/1 M/PM/MGK 
Order  Number  CGB02/R1 


CHARGING  STANDARD 
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Ultracapacitor  Technology 
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Ultracapacitors:  A  High  Power  Source  of  Energy 
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Converter  choice  as  a  function  of  SMPS  output  voltage,  V..,  and  output  power  P.. 
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COF  Advantages 
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Applicable  to  wide  range  of  chip  complexities: 

-  from  three  terminal  transistors  to  more  than  400  I/O  chips. 

-  for  RF,  logic,  power,  analog  and  electro/optical. 

Low  cost,  simple,  robust  process. 
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Advancing  the  State  of  the  Art 
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against  the  backdrop  of  a  microelectronics  revolution 


“OVERVIEW  OF  DEVELOPMENTS  IN  SOUTH  AFRICA” 

(UNAVAILABLE) 

Mr.  Etienne  Rijkheer 


SYZYGY 

Capetown,  South  Africa 
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